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Summary
Summary
T h e  p r e d i c t i o n  o f  v e h i c l e  m o b i l i t y  i s  a n  i m p o r t a n t  a s p e c t  o f  v e h i c l e  l o c o m o t i o n  s y s t e m  d e s i g n .  
M a t h e m a t i c a l  m o d e l s  h a v e  b e e n  u n d e r  d e v e l o p m e n t  f o r  m a n y  d e c a d e s  t h a t  e s t i m a t e  t h e  t r a c t i v e  
c a p a b i l i t y  o f  l a r g e  v e h i c l e s  s u c h  a s  t a n k s  a n d  t r u c k s  a c r o s s  o f f - r o a d  t e r r a i n .  T h e s e  m o d e l s  h a v e  
p r o v e n  t o  b e  s t r o n g l y  s u c c e s s f u l  w h e n  a p p l i e d  t o  t h e s e  l a r g e r  v e h i c l e s ,  b u t  t e n d  t o  v a r y  i n  
a c c u r a c y  w h e n  a p p l i e d  t o  s m a l l e r  v e h i c l e s .  I n  s u c h  c a s e s ,  s o i l  t r a f f i c a b i l i t y  e x p e r i m e n t s  a r e  o f t e n  
p e r f o r m e d  t o  d e t e r m i n e  w h e t h e r  o r  n o t  a  v e h i c l e  c a n  t r a v e r s e  a  g i v e n  t y p e  o f  t e r r a i n .  
U n f o r t u n a t e l y ,  t h i s  m e t h o d  o f  v e h i c l e  t e s t i n g  h a s  l i m i t e d  a p p l i c a b i l i t y  f o r  p l a n e t a r y  e x p l o r a t i o n  
v e h i c l e s ,  b e c a u s e  p l a n e t a r y  s o i l s  a r e  a l m o s t  n o n - e x i s t e n t  o n  E a r t h .  V a r i o u s  p l a n e t a r y  s o i l  
s i m u l a n t s  h a v e  b e e n  d e v e l o p e d  t o  r e p l i c a t e  s o m e  o f  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  p l a n e t a r y  s o i l s ,  
b u t  t h e  s u c c e s s  o f  t h e s e  i n  p r a c t i c e  v a r i e s  s i g n i f i c a n t l y .
A  s i g n i f i c a n t  l i m i t i n g  f a c t o r  o f  t r a d i t i o n a l  p l a n e t a r y  v e h i c l e s  i s  t h e i r  i n a b i l i t y  t o  t r a v e r s e  t h e  
c o m p l i c a t e d  t e r r a i n  ( s u c h  a s  r o c k s ,  s t e e p  s l o p e s ,  e t c . )  o f  p l a n e t a r y  s u r f a c e s .  F u t u r e  m i s s i o n s  w i l l  
n e e d  t o  c o n s i d e r  m o r e  a d v a n c e d  l o c o m o t i o n  s y s t e m s  b e y o n d  w h e e l s  a n d  t r a c k s .  U n f o r t u n a t e l y ,  
t r a f f i c a b i l i t y  m o d e l s  f o r  t h e s e  a d v a n c e d  s y s t e m s  e i t h e r  d o  n o t  w o r k  e f f e c t i v e l y  o r  d o  n o t  e x i s t  a t  
a l l .  T h e  l a t t e r  i s  t h e  c a s e  f o r  l e g g e d  v e h i c l e s .
T h i s  t h e s i s  c o n t r i b u t e s  t o  t h e  u n d e r s t a n d i n g  o f  m i c r o r o v e r  l o c o m o t i o n  o n  p l a n e t a r y  s o i l s  i n  
v a r i o u s  w a y s .  P r i m a r i l y ,  a n  a c c u r a t e  p r e d i c t i o n  m o d e l  o f  l e g g e d  v e h i c l e  m o b i l i t y  o n  t h e  M a r t i a n  
s u r f a c e  i s  d e v e l o p e d .  I n  o r d e r  t o  d o  s o ,  t w o  s o i l  s i m u l a n t s  a r e  p r o p o s e d  a n d  t h e  m e c h a n i c a l  
p r o p e r t i e s  o f  e a c h  a r e  t e s t e d .  S i g n i f i c a n t  v a r i a t i o n  i n  t h e s e  p r o p e r t i e s  a r e  e x h i b i t e d  d u e  t o  v a r y i n g  
l e v e l s  o f  c o m p a c t i o n  a n d  v a r y i n g  n o r m a l  f o r c e s ,  e a c h  o f  w h i c h  h a s  a n  i m p a c t  o n  t h e  m e c h a n i c a l  
s o i l  p r o p e r t i e s  a n d  t h e  p e r f o r m a n c e  p r e d i c t i o n  o f  a n y  v e h i c l e  t y p e :  w h e e l e d ,  t r a c k e d  o r  l e g g e d .  I n  
v a l i d a t i n g  t h e s e  s o i l  p r o p e r t i e s ,  n o n - l i n e a r i t y  w a s  c o n c l u s i v e l y  f o u n d  i n  t h e  c r i t i c a l  s h e a r i n g  
s t r e n g t h  a n d  t h e  s h e a r -  d e f o r m a t i o n  m o d u l u s  f o r  a  c o m p r e s s i b l e  s o i l ,  e s p e c i a l l y  a t  l o w  n o r m a l  
p r e s s u r e ,  t h e r e b y  c h a l l e n g i n g  t h e  g l o b a l l y  a c c e p t e d  M o h r - C o u l o m b  l i n e a r  r e l a t i o n s h i p .  T h e  
v a l i d a t i o n  o f  a  m a t h e m a t i c a l  m o d e l  t o  a c c u r a t e l y  p r e d i c t  t h e  s o i l  f o r c e s  a v a i l a b l e  t o  p r o v i d e  
f o r w a r d  m o t i o n  t o  a  l e g g e d  v e h i c l e  a n d  t h e  n o n - l i n e a r i t y  o f  s l i p  s i n k a g e  o f  a  s i n g l e  l e g  i n  s o i l  a r e  
b o t h  c o n c l u s i v e l y  v a l i d a t e d  e x p e r i m e n t a l l y .  S i m u l a t i o n s  a r e  t h e n  d e v e l o p e d  i n  M A T L A B  a n d  
w i t h  t h e  O p e n  D y n a m i c s  E n g i n e  p h y s i c s  l i b r a r y  t o  e v a l u a t e  t h e  o v e r a l l  p e r f o r m a n c e  o f  a  l e g g e d  
v e h i c l e  i n  E a r t h - b a s e d  a n d  p l a n e t a r y  s o i l s .  F i n a l l y ,  a  l e g g e d  v e h i c l e  f o r  p l a n e t a r y  e x p l o r a t i o n  i s  
p r o p o s e d ,  i n c l u d i n g  t h e  m o b i l i t y  p r e d i c t i o n  f o r  t h e  v e h i c l e  a t  v a r i o u s  l o c a t i o n s  o n  t h e  M a r t i a n  
s u r f a c e .
Keywords: legged locomotion, soil trafficability, vehicle mobility, planetaiy exploration, soil simulant,
rough terrain, Legged Peifonnance and Traction Prediction Tool, CAPTAIN rover
“Unfortunately, soils are made by nature and not by man, 
and the products of nature are always complex... As soon 
as we pass from steel and concrete to earth, the 
omnipotence of theory ceases to exist. Natural soil is 
never uniform. Its properties change from point to point 
while our knowledge of its properties are limited to those 
few spots at which the samples have been collected. In 
soil mechanics the accuracy of computed results never 
exceeds that of a crude estimate, and the principal 
function of theory consists in teaching us what and how to 
obseiwe in the field. ”
Karl Terzaghi
From Karl Terzaghi, the Engineer as Artist
by D. Goodman
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m a k e  i t  m y  h o m e ,  i n  s p i t e  o f  t h e  W i g g l e r ’ s  i m m i n e n t  a r r i v a l .  T o  K a t ,  J a m e s ,  S t u a r t ,  D a v i d ,  
K a r i n ,  S o h e i l  a n d  t h e  m a n y  o t h e r s  w i t h  w h o m  I  h a v e  s h a r e d  a n  o f f i c e  a n d  a  c o r r i d o r  o v e r  t h e  p a s t  
m a n y  y e a r s ,  I  o w e  t o  e a c h  o f  y o u  f a r  m o r e  t h a n  a  c e l e b r a t i o n  d r i n k  f o r  k e e p i n g  m e  s a n e  ( w h i l e  
s o m e t i m e s  d r i v i n g  m e  i n s a n e )  a l l  t h e s e  y e a r s .  T o  K a r e n  C o l l a r ,  t h i s  p l a c e  w o u l d  f a l l  a p a r t  
w i t h o u t  y o u . . .  a n d  I  m o s t  c e r t a i n l y  w o u l d  h a v e  t o o .  T o  m y  V P s  a n d  t h e  U n i o n  s t a f f ,  y o u  m a d e  
m y  s a b b a t i c a l  y e a r  o n e  o f  t h e  b e s t  e x p e r i e n c e s  o f  m y  l i f e  a n d  w o r t h  f a r  m o r e  t h a n  j u s t  a n  e x c u s e  
f o r  P h D  p r o c r a s t i n a t i o n !  F o r  t h a t ,  I  t h a n k  y o u .
W i t h o u t  a  d o u b t ,  t h e  g r e a t e s t  a p p r e c i a t i o n  I  c a n  s h o w  a b o v e  a l l  w o u l d  g o  t o w a r d s  m y  f a m i l y .  
Y o u r  s u p p o r t  w a s  u n w a v e r i n g ,  y o u r  e n c o u r a g e m e n t  w a s  l i m i t l e s s ,  y o u r  t o l e r a n c e  o f  m y  e v e r ­
g r o w i n g  d e l a y s  w a s  e x t r a o r d i n a r y ,  a n d  y o u r  l o v e  w a s  d e s p e r a t e l y  n e e d e d  a n d  a l w a y s  a p p r e c i a t e d ,  
e v e n  i f  n o t  a l w a y s  c l e a r l y  r e c i p r o c a t e d  a t  t h e  t i m e .  M o m ,  y o u r  l i s t e n i n g  e a r  a n d  p r i c e l e s s  a d v i c e  
h e l p e d  s h i n e  l i g h t  o n  s o m e  o f  m y  d a r k e s t  t i m e s .  D a d ,  y o u r  i n c e s s a n t  n a g g i n g  w a s  a n n o y i n g  a s  
h e l l ,  b u t  a t  t h e  s a m e  t i m e  a p p r e c i a t e d  m o r e  t h a n  y o u  c a n  e v e r  i m a g i n e .  A n d  i t  s e e m s  t o  h a v e  p a i d  
o f f !  S t e v e n ,  w e ’ v e  b o t h  g r o w n  s o  m u c h  i n  t h e  p a s t  f e w  y e a r s ,  e a c h  d o w n  o u r  o w n  p a t h .  T h a n k  
y o u  f o r  i n s p i r i n g  m e  t o  r e m e m b e r  w h a t ’ s  r e a l l y  i m p o r t a n t  i n  l i f e .  F o r  t h a t  a n d  s o  m u c h  m o r e ,  I  
l o v e  y o u .
T o  t h e  U n i v e r s i t y  o f  S u r r e y  -  y o u  a r e  a  b e a u t i f u l  p l a c e .  I  w i l l  m i s s  y o u  d e a r l y . . .
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Introduction
1 . Introduction
This thesis presents a prediction model for legged microrover trafficability using a novel 
implementation of tillage theory previously used to predict the blade force required to displace 
soil.
Vehicle mobility and soil trafficability, the ability of a terrain to support vehicular traffic, has 
been a topic of research for many decades (Bekker, 1956). The development of vehicle mobility 
models became an important area of research with the progression of World War I and II, as 
highly capable wheeled and tracked vehicles were required to travel significant distances without 
the use of man-made roads or rail systems. Significant investment into research by organisations 
such as the Land Locomotion Laboratory at the US Waterways Experiment Station helped create 
and improve vehicle mobility models for large scale vehicles. These laboratories were also 
employed to study vehicle mobility on planetary surfaces, such as in preparation for the Apollo 
Lunar Roving Vehicle.
As vehicle designs become ever-smaller, the accuracy of soil trafficability models become 
significantly more important. Proposals utilising microrover exploration of planetary surfaces 
have been suggested by numerous organisations, including university research groups. However, 
a significant concern of many of these groups is the lack of a robust microrover mobility 
prediction model. This was proven evident in the case of both Mars Exploration Rovers that have 
become stuck in loose regolith of the Martian surface during their missions. The need for a better 
understanding of the variation in terrain properties across the surface of Mars was highlighted by 
this problem. Due to this lack of knowledge, utilised prediction models provided inaccurate 
estimations of vehicle performance.
Further to the inaccuracies in small vehicle mobility models, prediction methodology does not 
exist for non-standard vehicles. Considering the complex terrain of planetary surfaces, the next 
logical step in microrover locomotion is through legged vehicles.
1 .1 . Motivation
The study and application of smaller vehicle mobility models as a prediction metric for planetary 
exploration missions is a growing field. Legged vehicles have been proposed for planetary 
exploration and, as onboard computing power becomes strong enough to handle the control 
calculations required from these vehicles, the likelihood of their use is ever-increasing. However, 
there is no model to predict legged vehicle mobility on soils, Earth-based or extraterrestrial. 
Additionally, inaccurate prediction methodologies for wheeled and tracked microrovers cause
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difficulties for microrover mobility as a whole. The significant uncertainties in this area of 
research open many opportunities for researchers to investigate.
Dr. Nildeep Patel completed a PhD in 2005 at the Surrey Space Centre in the area of microrover 
mobility. Patel’s recommended future work included the evaluation of soil trafficability for 
legged and hybrid locomotion systems, as mobility models do not readily exist for these types of 
vehicles (Patel, 2005). This recommendation further proposes the inclusion of legged mobility 
modules be included for the Rover Mobility Performance Evaluation Tool software tool which 
was developed as a part of Patel’s research.
This thesis follows the recommendation set out by Patel, as well as addressing a general concern 
for non-standard microrover locomotion capabilities, by investigating the soil trafficability for 
hexapod rovers designed for planetary exploration.
1 .2 . Scope of the Research
This research aims at developing a methodology for the prediction of legged vehicle mobility on 
compressible soils. This model must take into account the general conditions of the soil, as well 
as the effects of in-situ density conditions.
Validation of this methodology under a microrover leg will be achieved through the single-leg 
soil test bed using various soils. Additionally, experiments will be conducted to study the tractive 
capability, as well as slip expectations due to simulated stepping motions in a single-leg soil test 
bed. One key area of focus includes the soil being prepared under varying compaction levels, and 
thereby investigating the difference in tractive capability under packed and loose compressible 
soils. Each of these will be modelled in simulation to ensure an accurate system for both single 
leg investigations as well as the simulation of a full hexapod vehicle under Martian terrain 
conditions.
To date, there has been limited contribution to the understanding of the capability of a legged 
vehicle in deformable terrain, and the intention of this thesis is to provide unique contributions in 
this area of research.
1 .3 . Aims and Objectives
This research is aimed at:
• Advancing the state of the art in legged locomotion mobility and soil trafficability 
prediction.
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•  Creating knowledge in the area of terrain-vehicle systems with the development of an 
accurate prediction methodology for legged vehicle mobility on compressible soils.
The primary objectives of this research are as follows:
• Investigate the robustness of existing methodologies for soil property determination. 
This should be further examined to consider the effect of the relative density of soil 
to the mechanical soil properties used performance prediction models. The 
consideration of sample preparation techniques and their effect on the resulting soil 
properties should also be included.
• Introduce new soil simulants for planetary exploration. Full evaluation of the 
mechanical properties of these soils should be conducted, with consideration of the 
various preparation techniques and property determination models investigated 
above.
• Propose how the impact of soil preparation and the use of various mechanical 
property determination methods affect the soil trafficability prediction for small 
vehicles. Specific consideration should be taken for the comparison of traditional 
civil engineering techniques to more appropriate methods when considering 
microrover mobility.
• Extend vehicle mobility models to include legged vehicle mobility models. These 
models will be developed in simulation and validated against experimental data to 
evaluate the tractive capability of a single leg in granular material.
• Propose a legged rover for planetary exploration, with specific focus on the vehicle 
locomotion system. The performance capabilities of that vehicle traversing Martian 
soils should be predicted through models developed in simulation and through die 
use of known planetary soil properties.
1 .4 . Structure of Thesis
The structure of this thesis is as follows:
Chapter 2 provides an overview of the field of robotics, from the first introduction of the word to 
current and future space robotics initiatives. Specific focus is placed on legged locomotion and 
biological inspiration from the stick insect. This chapter also highlights recent advancement in 
legged locomotion considerations for traversing rough terrain and the need for additional focus 
on the interaction between the vehicle and the terrain it walks on.
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Chapter 3 defines the fields of soil mechanics and terramechanics. The mathematical models 
that exist for soil-soil interaction are investigated and then extrapolated to existing soil-vehicle 
interaction models. These models, while accurate predictions for large vehicles such as trucks 
and tanks, are shown insufficiently accurate when applied to small vehicles such as microrovers. 
Various considerations and proposals are made to correct these inaccuracies, including the 
models’ lack of soil density, as well as the variation in soil properties due to sample preparation 
techniques. Also highlighted is the lack of existing methodology for estimating the soil 
trafficability for legged vehicles and the need for models to predict the performance of legged 
vehicles on soils, both terrestrial and planetary.
Chapter 4 introduces two new Martian soil simulants and defines the mechanical properties of 
each. Two major tests are presented in this chapter including relative density determination and 
direct shear testing. Various soil preparation techniques are used to develop samples of varying 
densities and the resulting shearing strength of the soils is investigated at these varying densities. 
The chapter includes three primary discussions regarding these results. The first expresses how 
the resulting friction angle varies significantly based 011 which of the two varying methods of 
interpretation of the soil shear strength is used. Further discussion regarding the effect of relative 
density on soil shear strength is also detailed, including the effect that changes to friction angle 
has on vehicle mobility prediction. Finally, a discussion of the shear deformation modulus of soil 
is presented. Each of these considerations is taken into account for die experimental testing 
discussed in Chapter 5.
Chapter 5 investigates the experimental approach taken to move a leg segment through soil. The 
experimental setup and required infrastructure for the tests is first introduced. The various sample 
preparation methods are then established and die density of each soil is then measured. The leg 
segment is then pushed through the soil to determine the soil forces under each of the tested 
conditions. Investigations into the determination of the draught force on die sliding leg, as well as 
die evaluation of the additional soil forces that affect a leg segment moving through soil are 
conducted. Further discussion of the variation of this draught force due to sample preparation 
techniques and sample density is then presented. Finally, ail investigation into slip sinkage 
methodology is documented.
Chapter 6 introduces a new software tool called the Legged Performance and Traction 
Prediction Tool (LPTPT), which contains various soil force models. Utilising the results from the 
experimental work performed in Chapters 4 and 5, as well as the general terramechanics models 
introduced in Chapter 3, a validated methodology for modelling a robotic leg in soil is proposed. 
Simulations are then developed from these models and leg performance in soil is predicted.
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Chapter 7 introduces a legged rover concept called the Carausius morosus All-Purpose Terrain- 
Autonomous Insect Navigator (CAPTAIN) for exploration of the Martian surface. This proposal 
includes an in-depth look at the locomotion subsystem, including kinematic models for stepping 
and stancing phase development. A full vehicle simulation is then conducted, based on the single 
leg performance models validated in Chapter 6 that predicts the mobility of a legged vehicle in 
Martian soil.
Chapter 8 concludes this thesis with a summary of the results and their implications to soil 
trafficability, specifically legged vehicle mobility. The unique contributions evaluated in this 
research are highlighted and proposals for future projects are recommended.
1 .5 . Research Novelty
The primary areas of novelty in this research are as follows:
• The proposal of a validated soil trafficability model applicable to legged microrovers.
• The investigation of the slip-sinkage of a legged vehicle and the non-linearity of this 
relationship.
• The variations and non-linearity of the shear deformation modulus of soil depending 
upon the loading conditions on that soil.
• The highlighting of significant variations and non-linearity in the resulting 
mechanical soil properties depending on the methodology used to analyse the 
shearing strength of soil, primarily at low normal stresses. This challenges the linear 
relationship established by the globally accepted Mohr-Coulomb relationship and is a 
result of the effects of shear dilatancy and the non-linear plasticity of compressible 
soils.
Other areas of novelty detailed in this thesis and validation of knowledge not regularly applied to 
microrover mobility and planetary soil trafficability are as follows:
• The effect of the in-situ density of soil samples on the soil-soil and soil-vehicle 
interactions.
• The evaluation of varying soil preparation techniques for experimental testing of soil 
trafficability.
• The development of a simulation package to predict legged vehicle mobility under 
varying soil conditions.
• The design of a novel legged microrover, based on terramechanic evaluation, for the 
exploration of planetary surfaces.
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1 .6 . Publications
This section of the thesis highlights the papers related to this thesis that have been published in 
journals and conferences. Additionally, related contract work and non-published invited 
presentation are included.
1.6.1. J ournal Publications
1. Scott, G. P., C. M. Saaj.(2009c). Biologically Inspired Robots To Assist Areonauts On 
The Martian Surface. Journal of the British Interplanetary Society. Vol. 62 (5). May 
2009.
1.6.2. C o n f e r e n c e  Publications
1. Scott, G. P., C. M. Saaj. (2009a). An investigation into the trajficability of a low mass
legged rover on loosely packed granular soils. Proceedings of the International Society
for TeiTain-Vehicle Systems (ISTVS) Conference 2009. Bremen, Germany, 03-05 
October 2009.
2. Scott, G. P., C. M. Saaj. (2009b). Measuring and Simulating the Effect of Variations in
Soil Properties on Microrover Trajficability. Proceedings of the AIAA Space 2009
Conference and Exposition. Pasadena, CA, USA. 14-17 September 2009.
3. Smith, B. G. R., G. Scott, C. M. Saaj. (2009). Biorobotics: Innovative and Low Cost 
Technologies for Next Generation Planetary Rovers. Proceedings of the 4th International 
Conference on Recent Advances in Space Technologies (RAST 2009). Istanbul, Turkey. 
11-13 June 2009.
4. Scott, G. P., C. M. Saaj, E. Moxey (2008b). Walking Microrovers for Planetary 
Exploration: Investigation into the Mechanics of Soil-Footprint Interaction. International 
Society of Terrain Vehicles Systems (ISTVS) 2008 Conference. Turin, Italy. 06-09 
November 2008.
5. Scott, G. P., C. M. Saaj, E. Moxey, G. Meirion-Griffitli (2008a). A Comparative Study of 
the Deformation of Planetary Soils Under Wheeled and Legged Micro- Rovers. 
Proceedings of the AIAA Space 2008 Conference. San Diego, CA, USA. 09-11 
September 2008.
6. Scott, G. P., C. M. Saaj, E. Moxey (2008c). Modelling Soil Traction for more Effective 
Control of Walking Planetaiy Rovers. Proceedings of the Towards Autonomous RObotic 
Systems (TAROS) 2008 Conference. Edinburgh, Scotland. 01-03 September 2008.
7. Scott, G. P., A. Ellery (2005a). Design of a Biomimetic Walking Mars Explorer for the 
ESA Bionics & Space Systems Design Contract (AO/l-4469/03/NUSfe). Proceedings of 
the Towards Autonomous RObotic Systems (TAROS) 2005 Conference. 12-14 
September 2005. Imperial College, London, UK.
8. Scott, G. P., A. Ellery (2005b). Using Bekker Theoiy as the Primaiy Peiformance Metric 
for Measuring the Benefits of Legged Locomotion over Traditional Wheeled Vehicles for 
Planetaiy Robotic Explorers. Proceedings of the AIAA Space 2005 Conference. 30 
August to 01 September 2005, Long Beach, CA, USA.
9. Scott, G. P., A. Ellery, E. Moxey (2005). Applying Feed-Fonvard Compliance to the 
Control of Electric Motors Used in the Joints of Walking Planetaiy Robotic Explorers. 
Biologically Inspired Robotics Network (BIRO-Net) Symposium 2005. University of 
Bath, UK. 05-07 April 2005.
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10. Scott, G. P., A. Ellery, et. al. (2004). Bionics & Space System Design Project Progress 
Report for ESA Advanced Concepts Team. Proceedings of the Advanced Space 
Technologies for Robotics and Automation (ASTRA) 2004 Workshop. ESA ESTEC, 
Noordwijk, The Netherlands. 04 November 2004.
11. Patel. N, G, P. Scott, A. Ellery (2004). Application of Bekker Theoiy for Planetaiy 
Exploration through Wheeled, Tracked and Legged Vehicle Locomotion. Proceedings of 
the AIAA Space 2004 Conference. 30 September 2004. San Diego, CA, USA.
12. Scott, G. P., A. Ellery (2004). Biomimicry as Applied to Space Robotics, with Specific 
Reference to the Martian Environment. Proceedings of the Towards Autonomous 
RObotic Systems (TAROS) 2004 Conference. 07 September 2004. University of Essex, 
UK.
1.6.3. Invited S e m i n a r s  a n d  Presentations
1. Scott, G. P. (2008). Biologically Inspired Robots To Assist Areonauts On The Martian 
Surface. British Interplanetary Society Mars Symposium. London, UK. 19 November 
2008.
13. Scott, G. P. (2008). Steps towards Achieving Interplanetary Autonomous Control of a 
Walking Micro-rover on Planetaiy Soils. Bio-inspired Autonomous Systems Workshop. 
NASA JPL, Pasadena, CA USA. 03 September 2008.
14. Scott, G. P. (2008). Steps towards Achieving Interplanetary Autonomous Control of a 
Walking Micro-rover on Planetary Soils. Bio-inspired Autonomous Systems Workshop. 
Southampton University, UK. 26-27 March 2008.
1.6.4. Related Contract Publications
1. Ellery, A., G. P. Scott, et. al. (2005b). Bionics and Space Systems Design Contract — 
Case Study 1: Mars Walker. In support of ESA ESTEC Contract Number AO/1- 
4469/03/NL/SFe. Submission: 07 September 2005.
15. Ellery, A., Y. Gao, et. al. (2005a). Bionics and Space Systems Design Contract — Case 
Study 2: Asteroid Micro-Penetrator with Biomimetic Drill. In support of ESA ESTEC 
Contract Number AO/l-4469/03/NL/SFe. Submission: 01 June 2005.
16. Ellery, A. et. al. (2005d). Bionics and Space Systems Design Contract - Technical Note
3. In support of ESA ESTEC Contract Number AO/l-4469/03/NL/SFe. Submission: 31 
May 2005.
17. Ellery, A. et. al. (2004b). Bionics and Space Systems Design Contract - Technical Note 
1. In support of ESA ESTEC Contract Number AO/l-4469/03/NL/SFe. Submission: 02 
November 2004.
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2 . Literature Review
Chapter 2 presents the context under which this thesis has been written. It is essential to introduce 
the state of robotics from where it began until the present in order to provide a background for the 
understanding of a legged robot’s ability to traverse a given terrain, earth-based or beyond. 
Furthermore, a more detailed look at microrovers will be presented followed by an in-depth look 
at biologically inspired robotics. Finally, the lack of a true understanding regarding legged robot 
mobility will be expressed with a proposed approach for filling this gap in knowledge.
2 .1 . The Origin of Robots
In popular culture, a robot is generally considered something anthropomorphic (human-like), 
which originally has roots in historical perception. The concept of robotic systems being 
controlled by and interacting with human society was introduced in science fiction stories long 
before technology could produce these situations. When robots were first introduced, they were 
commonly considered biologically-created (as opposed to mechanically-created) human-like 
creatures (Murphy, 2000). One of the first in this great history was the 1818 novel Frankenstein; 
or, The Modern Prometheus (more commonly known as simply Frankenstein) by Mary Shelly 
(Shelly, 1918). This widely known story involves a scientist who builds an artificial human and 
brings it to life by channelling the energy harnessed from a bolt of lightning. In 1921, Czech 
playwright Karel Capek premiered his play R.U.R. (Rossum's Universal Robots), which first 
introduced the word “robot” (Capek, 1921; Murphy, 2000). His humanoid creatures, called 
“robota” from the Czech word meaning peasants or serf workers, were created as labourers to 
humans, but eventually turn against their human creators.
It was not until science fiction writer Isaac Asimov first used the term “robotics” to describe this 
very specific application of technology. In Asimov’s 1942 novel Runaround, he even went so far 
as to conceive the Three Laws of Robotics (Asimov, 1942; Dudek and Jenkin, 2000):
• A  robot may not injure a human, or, through inaction, allow a human to come to 
harm.
• A  robot must obey the orders it is given by human beings except when such orders 
would conflict with the First Law.
• A  robot must protect its own existence as long as such protection does not conflict 
with the First or Second Laws.
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The idea of mobile robots became widely accepted by the general public after the release of 
“high-tech” movies such as the 1957 release of Forbidden Planet and Star Wars Episode IV: A 
New Hope in 1977. Legendary characters such as Robby the Robot, R2D2 and C-3PO, as well as 
many secondary characters in these stories, showed human-like characteristics and became the 
inspiration of generations of robotics enthusiasts. It was then that robots began being considered 
as mechanically-created human-like creatures, instead of being from biological origin.
However, moving beyond science fiction and into the realm of reality has shaped the current 
perspective of robots in the world. Today, robots are generally considered by humans to still be 
mechanically-created but can be of any shape/size/design to accomplish the task that they were 
designed to do.
2.1.1. B e y o n d  Science Fiction
One of the first mobile robot systems was developed by W. Grey Walter in the 1940s (Walter, 
1951). These two “tortoise” robots (though wheeled instead of legged like their biological 
counterpart) were designed to follow light, but avoid bright lights. The results of which were 
considered by the author as a “free will” of the creature’s ability to respond to stimuli, though 
they distinctly lacked the ability to leam from these responses over time.
The first mobile robot that was operated using artificial intelligence (Al) techniques was 
developed at Stanford Research Institute by Nils Nilssen and Charles Rosen between 1966 and 
1972 (Dudek and Jenkin, 2000). Called Shakey, this 5-foot tall wheeled robot was equipped with 
bump sensors, range finders and television cameras. Through simple processing of the video 
feed, Shakey could construct a global map of its environment and determine which objects in this 
environment were properly or improperly located. Shortly thereafter, the Stanford car developed 
by Hans Moravec (moved to Camegie-Mellon University in 1980) used stereo vision to plan a 
path around obstructing objects (Dudek and Jenkin, 2000).
Somewhat in parallel to wheeled robot designs, the first legged robots began to appear in the 
1960s, even though the first patent for a legged robot was filed in 1893 for a mechanical horse 
(Dudek and Jenkin, 2000). The General Electric Quadruped was a buck sized 4-legged vehicle 
and it was primarily human-controlled. The first autonomous legged vehicle was developed at the 
University of Southern California and dubbed the Phony Pony (Bekey, 2005). Though only 
loosely biologically inspired, it was able to replicate a number of slow-moving gait patterns and 
maintain static stability when standing and walking.
Beyond mobile robotics, the utilisation of industrial robots to assist in manufacturing processes 
started to become possible. These industrial robotic arms help eliminate mundane and repeatable 
tasks that humans would otherwise have to do. The first of which, called Unimate, was developed
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for General Motors in 1961 (Dorf and Kusiak, 1994). It was designed to perform welding 
operations that were undesirable and uncomfortable for humans to perform. There continues to be 
a growing demand for this capability through factories specialising in the mass production of 
goods.
Today, advances in robotic technologies have accelerated significantly since these robots were 
introduced. Android technologies (mechanical robots resembling humans) are becoming 
convincingly human-like. Advanced biologically inspired locomotion systems, such as flying, 
swimming and slithering robots, are available as off-the-shelf children’s toys, while also being 
found in laboratories where further advances in these technologies are being developed. The 
fields of artificial intelligence and computer vision have led to developments in facial pattern 
recognition, learning behaviours and much more. These advances have been quite beneficial to 
the expansion of robotics outside of Earth’s sphere of influence.
2.1.2. B e y o n d  E a r t h
There have been countless spacecraft that have been launched into orbit around Earth, and to 
planetary bodies throughout the solar system. Mariner 2 to Venus (1962), the Messenger mission 
to Mercury (2004) and Cassini to Saturn (present) are only a few examples of planetary probe 
missions. Although all of these carry sophisticated control systems and advanced scientific 
instrumentation, their primary pmpose was not automated mobility or behavioural control or 
based on learning algorithms. They did not have the ability to sense, plan and act on their own 
accord (Muiphy, 2000) and therefore, these space missions are not considered “robots” and are 
not discussed in this thesis. The same classification applies to the Lunar Roving Vehicle used by 
the Apollo astronauts on the lunar surface, though this will be discussed from the terramechanics 
perspective in Chapter 3 of this thesis. However, there are many other missions that are 
considered robotic space missions.
The first of these planetary robotic missions was the Viking mission to Mars in the 1970s 
consisting of two orbiters and two landers. These automated surface laboratories were designed 
to perform their scientific objectives through operations and commands sent over 400 million km 
only once per day, at most (American Geophysical Union, 1977). Although these vehicles did not 
locomote from their landing position, they did include robotic payloads, such as an arm for 
digging trenches to examine soil content and properties. This was the first planetary vehicle to 
analyse and categorise Martian terrain through soil characterisation processes similar to those 
used on Earth.
Further autonomous rovers were designed for Mars missions over the next few decades. In the 
late 1990s, the Sojourner microrover, having a mass of only 11 kg, landed on the surface and was
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the first semi-autonomous mobile rover to traverse another planetaiy body. As such a small 
vehicle, its ability to traverse great distances was significantly reduced due to large rocks 
throughout the landing site (The Rover team, 1997b). Certainly, the Russians had sent the 
Lunakhod I and II vehicles to the Moon more than 30 years earlier. However, these 850+ kg 
vehicles were not autonomous and required complete real-time control from a team of 5 humans 
on the ground (Balint, 2002). In the 2000s, the Mars Exploration Rovers (MERs) named Spirit 
and Opportunity landed on the Mars surface. At approximately 185 kg each, they were 
significantly larger and more capable than their Sojourner predecessor. Although initially 
designed for a 90-day surface mission, they have traversed the Martian surface for more than 5 
years and returned vastly more scientific data than ever expected.
There are a number of future robotic missions to planetaiy bodies that are currently under 
development. The most noteworthy of which include the Mars Science Laboratory (MSL) from 
the National Aeronautics and Space Administration (NASA) and the ExoMars rover from the 
European Space Agency (ESA). Both are significantly larger than the MERs (the M S L  is 
approximately the size of a Mini Cooper vehicle) and are being designed to perform even more in 
depth analysis of the Martian surface.
2.1.3. C u r r e n t  Perspectives of Robotics
There are a number of different perspectives of how to classify robotic systems. In industry, there 
is the primary requirement for highly precise, easily maintained systems that are designed for 
repeatability of specific tasks. As such, they are somewhat “sense”-less, often do not locomote 
beyond their local environment and only follow a set of pre-defined commands. However, this is 
far different from mobile robots.
Mobile robots are designed very specifically to travel beyond their local environment. They must 
be able to locomote at least somewhat autonomously from one point to another to accomplish 
whatever task they are designed to do. Therefore, they are not only a collection of algorithms for 
sensing, reasoning and moving about a space, but they must also be die physical embodiments of 
these algorithms and ideas that must cope witii the vagaries of die real world (Dudek and Jenkin,
2000). These robotic systems can have varying levels of autonomy to define how they must be 
controlled. These levels are as follows (Dudek and Jenkin, 2000):
• Fully autonomous - vehicle is typically designed to operate without full-time 
external human control.
* Semi-autonomous - vehicle is designed to make some decisions on its own, but a 
full-time operator is required.
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• Tele-operated - vehicle is controlled at all times at a very low level, unconstrained 
by the vehicle.
• Tele-robotic - low-level operator commands are filtered by complex software based 
on sensory input from the vehicle that are designed to limit the operator’s actions.
In Al robotics, a robot is considered a mechanical creature that can function autonomously 
(Murphy, 2000). It is designed with a selection of behaviours, capabilities and rules that it must 
follow. More often than not, learning behaviours are also considered for the robot, so that it can 
learn from unexpected (non-programmed) behaviours or from changes within its own 
environment. Mobile variants to these robots must move and change the world around it in some 
way, while also changing themselves or at least their perspective of the world around them.
In the space industry, highly specialised one-of-a-kind mobile robots must be designed. Rarely do 
these vehicles utilise any off-the-shelf components due to the high levels of redundancy and 
precision required to accomplish the specialised tasks at hand, not to mention the harsh 
environmental conditions they must be designed to survive. Although there is a high-degree of 
human interaction with space robots, there is also the known limitation that great distances make 
this increasingly difficult. Communication delays of up to 45 minutes between Earth and Mars, 
and significantly longer for deep space probes, means that some level of autonomy is required to 
ensure the safety for the vehicle and its experiments.
For the purposes of this thesis, the author defines a mobile robot as an autonomous, tele-operated 
or pre-programmed electro-mechanical system that has a specific task (or set of tasks) that it 
must accomplish with some degree of locomotion or movement.
2 .2 . Mobile Robot Locomotion Systems
In terms of hardware components, a mobile robotic system is made up of four general 
subsystems: locomotion, sensing, reasoning, communication (Dudek and Jenkin, 2000). This 
thesis focuses primarily on the initial system: locomotion. The remaining sub-systems, though 
essential for a robotic system, are not the focus of this investigation. The following sections will 
introduce some locomotion systems used in robotics, with primaiy focus on biologically inspired 
legged locomotion.
2.2.1. Traditional M o b i l e  Robotics
From the initial design of rail and road vehicles, the wheel has been at the core of most 
locomotion systems. When mobile robots became a focus of research, simple locomotion systems 
were required for the development of the software algorithms that were to be tested on these
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platforms. For the most part, wheeled systems were selected for this due to centuries of 
experience of humans building carts, chariots, trains, cars and other ground-based vehicles. 
Wheeled vehicles are quite commonly used when the terrain is not extensively difficult to 
traverse. This is often the case in laboratory research when testing control algorithms, navigation 
capability or other areas where a simplified environment is important. Beyond the introduction of 
the first wheeled mobile robots in Section 2.1.1, wheeled robots are still actively used in robotics 
today.
More commonly used small robots such as K-Team’s sub-kilogram Khepera and Mobile Robots’ 
Pioneer vehicles (to name but two) are actively used as a baseline for validating navigation and 
control capabilities, as well as testing sensors and other data acquisition hardware. However, as 
systems become more complex, researchers tend to design and build fully customised vehicles 
for their simulations and testing.
When applied commercially in “the real world”, few ground robots utilise locomotion systems 
other than wheels due to the simplicity of the system or due to a research focus beyond the 
locomotion system itself (such as navigation, robotic vision, etc.). This is true for robots from the 
household vacuum cleaning robot Roomba to the AutoStrad system that moves shipping 
containers in the Brisbane harbour port and many applications in between (Tribelhom and Dodds, 
2007; Durrant-Whyte et al., 2004).
However, as the terrain becomes increasingly more challenging, a move from wheeled vehicles 
to more capable locomotion concepts must also be considered. PackBot, designed by iRobot Inc, 
is one example of a multi-purpose tracked vehicle locomotion system (Yamauchi, 2004). This 
military robot platform can be mounted with any number of payloads, such as item recovery or 
being on the military offensive. Due to its tracked locomotion system, the terrain that the vehicle 
can surmount is greater than if the vehicle relied on a wheeled system. However, looking towards 
biology could inspire locomotive methods that could surpass even tracked rover capability.
2.2.2. Biologically Inspired Robotics
Biological systems have been evolving in nature for millions of years and there is much that 
engineered systems can leam from this evolutionary process. The way creatures think, the way 
they move, the structure they have - all are important and each contains a wealth of knowledge 
that can be exploited for the benefit of man-made systems. These and many other areas of 
engineering research have grown significantly through the better understanding of how biological 
creatures function.
Animal locomotion systems have been studied intensively for many years. Obviously, there are 
many different forms of locomotion and research in each of these areas has lead to robotic
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applications. Biologically based swimming robots (Kato and Inaba, 1998), flying robots 
(Dickinson et al, 2000), slithering robots (Hirose et al, 1991) and walking robots (Wendler, 
2002) have been investigated by numerous academics around the world. In the field of walking 
robotics, advances range from monopod hoppers and bipeds to hexapods and beyond. These 
vehicles often utilise artificial intelligence or advanced materials and visually resemble their bio­
inspired counterpart.
The areas of artificial intelligence and neural networking have had significant advances in recent 
years. Brooks expresses that capabilities such as problem solving behaviour and reason are 
simple once the essence of being and reacting are available (Brooks, 1990). His work in 
subsumption architecture and other forms of behaviour control have already been suggested as a 
way forward in the control of space explorers (Brooks and Flynn, 1989). Early work in neural 
networking focused on evolving dynamical network controllers for simple simulated insects to 
walk on flat surfaces (Beer and Gallagher, 1992). Further work has led to hexapod and bipedal 
robot controllers being evolved to learn to walk in their own (Gallagher et al, 1996; Vaughan et 
al, 2004). Many researchers utilise physics engine software libraries such as the Open Dynamics 
Engine (ODE) to do such evaluations in a simulated real-world environment, bringing these 
designs as near to physically building and testing the hardware as possible (Reil and Husbands, 
2002; Vaughan etal, 2004).
Biologically inspired materials are another area where man-made systems have found benefit 
from nature. Many researchers have looked towards artificial muscles to simulate the beneficial 
visco-elastic response that is found in biological muscle (Ellery et al, 2004b). The McKibben 
pneumatic muscles have been investigated since the 1950’s and commercialised in recent years 
for robotic applications (Chou and Hannaford, 1996). Quinn et. al (2002) have utilised this 
technology for a walking cockroach robot and have shown that this form of actuation provides a 
significantly higher force-to-weight ratio than motors (Kingsley et al, 2003). Other materials, 
such as electroactive polymers and shape memory alloys, which expand and contract depending 
on applied voltage, also behave in a way similar to biological muscle and have been considered 
for planetaiy applications (Bar-Cohen et al., 1999). However, each of these have similar 
limitations in the same way as single muscle fibres do: they are not strong enough to move an 
entire joint on their own.
2.2.3. L e g g e d  L o c o m o t i o n
Investigation into the gait patterns of biological creatures dates back for many years. Most 
notably, American photographer Eadweard Muybridge, on the request of Stanford University in 
1877, is credited for resolving the question of whether a horse gallop involved all four feet of the 
horse being off the ground at the same time (Leslie, 2001). Researchers’ investigations into
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biological muscle mechanics shortly after the turn of the Century also had a strong influence on 
the understanding of walking behaviours (Hill, 1927). Utilisation of Muybridge’s technique, in 
addition to research into muscle mechanics, were regularly used in determining the motion during 
the stancing and stepping phases of animal gaits in the study of Zoology (Hill, 1970).
As computing capability has become ever-faster, mathematical modelling of gait patterns can 
now be replicated and applied to robotic systems. “The biomimetic approach to robotics is the 
attempt to apply solutions created by evolution to technical systems” (Wendler, 2002). The 
following sections provide some specific examples of the biomimetic approach applied to robotic 
systems.
2 .2 .3 .I . Exam ples of Legged R obotic Systems
Kirchner and his team at the University of Bremen developed the Scorpion robot, which utilises 
several bio-inspired techniques (Kirchner et al, 2002). A  simplified version of an actual scoipion 
was the baseline for the project, as it is bilaterally symmetric with four legs on each side. This 
does differ from the more common form of hexapod robotics (discussed in more detail below) 
and provides additional flexibility in gait design and stancing support. A  schematic diagram of 
the Scoipion robot can be seen below in Figure 1.
Also, a form of compliance was added within the last segment of each leg. This was in the form 
of a spring-dampened element with feedback sensors to measure the contact and load on each leg 
(Wendler, 2002). This visco-elastic component is found in biological muscle and is an essential 
component in accurately developing biologically inspired legged locomotion, especially when 
considering advanced hardware techniques. One limitation that exists with implementation of 
visco-elastic response in this way is that it is exhibited in the leg segment, not the joint itself. 
Although, technically, bone does have visco-elastic properties (Jurist, 1970), it is far less 
significant than the visco-elastic properties of muscle.
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Additionally, the overall vehicle control was inspired from the biological scorpion. Programmed 
with gait patterns inspired from this arachnid, as well as reflexes to step over obstacles and cross 
large gaps, the walking behaviour was considered from its natural counterpart. Further learning 
capabilities to update its walking behaviour were also included in the vehicle controller to allow 
the robot to learn from its environment.
Another example of applying compliance to a legged robot is the University of Michigan’s RHex 
robot. RHex is an unteathered, compliant legged hexapod robot with a locomotion system that 
can perform a simple clock-driven, open-loop tripod gait (Saranli et al., 2001). With only six 
degrees of freedom, the robot has only a single actuated revolute degree of freedom for each leg 
at the hip and utilises the RePaC (Revolute Passive Compliance) design and control methodology 
(Buehler, 2001). There is no feedback method to ensure proper stepping for each leg, but a PD 
controller ensures synchronicity of the opposing tripod steps. These motors, attached to C-shaped 
legs made form Delrin polymer rods, provide compliance in the radial direction as the motors 
rotate the legs, as shown in Figure 2.
Figure 2 -  a) The RHex hexapod compliant robot and b) represented as a spring-dampened 
schematic diagram (Saranli et al., 2001).
The leg segments bend until the torque on the motors overtakes the compliant resistance in the 
leg material, and then they whip around radially into the next stancing phase. Similar to the 
Scorpion robot, the compliance in RHex is in the link, not the joint. This single actuation in each 
leg allows for a simple system, while also providing the capability to traverse very complicated 
terrain. At barely 0.5 m  in length and 7 kg in mass, it is able to traverse obstacles more than 50% 
higher than its ground clearance without performing any changes in its walking gait or speed 
(Saranli et al., 2001).
Also from McGill University, the Scout II robot was designed with a single degree of freedom 
hip and RePaC design and control methodology. Differing from RHex, the 4-legged Scout II does 
not take advantage of materials engineering to simulate compliant behaviour. In this robot, a 
similar approach is taken to that of the Scorpion robot with spring/dampers in each of the legs to 
add a second joint, an unactuated slider/prismatic. This allows for a simple controller without
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task level feedback, such as forward velocity or body angle (Buehler, 2001). Instead, two 
independent leg controllers (for the front and back hip assemblies) control the bounding gait used 
for locomotion, without a notion of overall body state. The resultant motion moves the system 
forward locomotion with front and rear assemblies acting independent from each other, while 
hard landings are absorbed by spring-dampers in each leg.
Front hip assembly
Figure 3 -  a) McGill University’s Scout II bounding robot (Buehler, 2001) and 
b) Case Western Reserve University’s Robot III pneumatic cockroach robot (Kingsley etal., 2003)
The fourth generation of a biologically inspired pneumatic cockroach robot was developed by 
Case Western Reserve University (Kingsley et al., 2003). This robot utilises pneumatic actuators 
which more closely resemble the action of biological muscle, although through expansion instead 
of contraction. As the pneumatic muscles expand under pressure, they move a link in the same 
way that a muscle will pivot a limb around a joint. The pneumatic response is very rapid, similar 
to the response of a muscle and pneumatics such as these are shown to have a higher force-to- 
weight ratio than motors (Kingsley et al., 2003). Through software and hardware simulations and 
comparison to actual cockroach locomotion, this robot has become one of the more advanced 
biomimetic hexapod walkers. Unfortunately, utilising this kind of locomotion system requires a 
significant pneumatic hardware infrastructure, which would be prohibitive for a small robot, 
especially with application to off-Earth exploration.
2 .2 .3 .2 . Stick Insect (C arausius m orosu s)  in robotics
There have been many robotic systems inspired from the Carausius morosus - more commonly 
known as the stick insect or Indian walking stick. This creature, outlined in Figure 4, has been the 
focus of study of many researchers from both the neurobiological and locomotive perspectives 
with the first paper focused on the stick insect being published in 1921 in Germany (Bassler and 
Busschges, 1998; Beer et al., 1997).
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When considering the mechanical process of the step of a stick insect, it is an effective baseline 
due to the slow gait that it exhibits when walking (Beer et al, 1998). The mechanics of how the 
insect moves its legs with each step can be easily examined, both the rythmatic stepping patterns 
and reflexes required for the insect to avoid obstacles. From these examinations, simplified 
models can be created and applied to robotic systems. Additionally, as the insect has a much 
smaller number of neurons compared to more advanced biological systems, the modelling of 
neural response can also be investigated with a minimal of interfering factors (Delcomyn, 2004).
Figure 4 -  An outline drawing of the stick insect (Rosano-Matchain, 2007)
There are several examples of robotic systems that primarily consider only the mechanics of 
legged locomotion from the stick insect. The OSU hexapod vehicle, designed at Ohio State 
University in the 1970s was a microrover developed with specific application to traversing rough 
terrain (McGhee and Iswandhi, 1979). Initial work was focused on this adaptive walking 
machine’s ability to change gait based on complex terrain and primarily considered the centre of 
mass and obstacle avoidance. Further work with this vehicle included the addition of active 
compliance in the controller to ensure soft contact with the ground during each step (Klein and 
Briggs, 1980).
Figure 5 -  A hexapod rover based on the stick insect (Espenschied et al, 1993)
More than controlling a single leg, the coordination of each leg together for gait generation is 
essential for a legged vehicle. Following Cruse’s introduction of mechanisms and leg 
coordination in a stick insect (1990) and Dean’s demonstration of kinematic simulations to 
validate these models (1991), researchers and Case Western Reserve University applied these 
methodologies to a legged robot (Espenschied et al, 1993). This was applied to the hexapod and
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each 2-DOF leg in the form of varying leg movements and gait patterns, with results showing 
that it could be accurately implemented on a simplified stick insect inspired robotic system on 
smooth ground. Certainly, this application was later applied to rough terrain with improved reflex 
control (Espenschied et al., 1996).
However, when digging deeper into biologically inspired control of legged vehicles, a more 
detailed look at neural pathways and the motomeurons within the stick insect should be 
considered. Experiments performed by many researchers have focused on reading the 
motomeuron activity of stick insects when subjecting them to various tests. In one such 
experiment, Cruse compared neural activity to leg position while subjecting the insect’s body to 
various heights while walking (Cruse et al., 1993). From these experiments, PD control 
properties were found for each joint within the leg during standing and stepping. As a result of 
this and many other experiments, the development of a simple neural network based legged 
vehicle controller was considered (Espenschied et al., 1993).
Another system, Walknet, was later developed based on the stick insect and replicated the leg 
mechanics and gait cycles of this insect in simulation and in practice (Cruse et al., 1998). 
Walknet considers the essential properties of biological walking, specifically the stick insect 
though it can be extrapolated beyond this specific creature, and applies them in simulation to 
determine emergent behaviours (Cruse et al., 1998). As technology has improved to allow 
sensors to become ever-smaller, further testing on the ground-force response of insect walking 
was also studied to improve the artificial neural network controller of a legged vehicle (Bartling 
and Schmitz, 2000).
Each of these techniques (and many others) have been applied for advanced control of hexapod 
vehicles. Until these methodologies were developed, repeating central pattern generators were 
implemented to simply cycle through a series of joint movements to shift each leg from posterior 
extreme position (PEP) to anterior extreme position (AEP) in a pre-determined cycle.
As introduced above, there have since been many investigations into both biomechanical and 
neurobiological approaches to stick insect locomotion. Practical application of these fields onto 
robots have had varying levels of success, but research facilities exist in many institutions around 
the world (Quinn et al., 2001; Silva and Machado, 2007; Delcomyn, 2004), As insect locomotion 
has proved to be a useful model for the construction of walking machines that have to cope with 
rough terrain (e.g. Beer et al., 1997; Ritzman et al., 2000; Cruse, 2001), the analysis of the 
underlying mechanisms may help in the construction of robots with more animal-lilce abilities 
(Blaesing and Cruse, 2004). However, few researchers have investigated bio-inspired approaches 
to vehicle locomotion for off-Earth scenarios.
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2 .3 . Applying Biomimetics to Planetary Rovers
As planetary exploration continues to expand humanity’s research and exploration missions 
beyond low Earth orbit become more frequent, focus on the technologies that are used in 
exploration becomes increasingly important. Also important to these missions is the ability to 
explore surfaces too difficult to have been explored in previous robotic missions. Heritage also 
has an important role to play in space missions, as tried and tested hardware technologies are 
often selected over newer technologies to increase the likelihood of mission success. But how can 
designers of future space exploration robots benefit from the advances in newer technologies to 
explore these difficult to reach locations, while still retaining the trusted advantage that tried and 
tested hardware provides?
With respect to planetaiy exploration, all mobile robotic missions to-date have been wheeled. 
This is primarily due to ensuring that systems are thoroughly tested and are designed to be as 
reliable as possible. Therefore, the tradition and understanding of wheeled systems for planetary 
exploration have thus far prevailed over more advanced concepts. However, many designs for 
more advanced locomotion systems have been proposed in research institutions around the world. 
For space systems that require long-tested and proven hardware, utilisation of newer materials is 
not often an option. Space hardware has, historically, been hied and tested over many years in 
hazardous environments and as backup systems in space.
Angle and Brooks (1990) propose that very small vehicles are viable systems for space 
exploration on planetaiy surfaces. Their proposal, and others since (Kubota et al, 2004; Wilcox 
et al, 2007; Scott and Saaj, 2009c) focus on legged locomotion, because wheeled systems of 
similar size cannot traverse the complex and unknown terrain of planetary surfaces. Additionally, 
it is argued that a collection of smaller robotic systems would provide greater coverage and 
scientific return than a single larger vehicle when applied to planetary exploration (Brooks and 
Flynn, 1989). These considerations are investigated in more detail when arguing new 
technologies against heritage-rich systems.
2.3.1. O v e r c o m i n g  S p a c e  Heritage P r o b l e m s
Permanent magnet direct current (PMDC) electric motors have been used in space missions for 
decades. Most recently, the success of these motors was proven in the M E R  missions, as both 
Spirit and Opportunity have been traversing Mars for over five years with a locomotion system 
powered by P M D C  motors (maxon motors, 2007). These rovers, though extremely successful in 
their own right, have significant limitations in terrain negotiation due to their method of 
locomotion, i.e. small wheels. To date, both of these rovers have become stuck in the planetary 
soil, and in one case this could lead to catastrophic failure of the vehicle. In order to traverse a
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greater variety of terrains, significantly larger wheeled vehicles will be required, or similarly 
sized legged robotic explorers could be used to traverse more complex terrain.
Many successful legged robots have been built over time and have been discussed in previous 
sections of this report. However, the methods by which these robots have been developed varies 
greatly. Many use standard electric motors, however others utilise newer and more advanced 
technologies such as electroactive polymers (EAPs) 01* pneumatic muscles to achieve more 
efficient biologically-inspired movement. Many of these hardware technologies are too new and 
untested to be space-ready, or require hardware that is too large for microrover class robotic 
explorers. Microrover class robots are considered to be vehicles with masses in the tens of 
kilograms and therefore have significant mass restrictions which significantly limit the 
locomotive capability of this classification of vehicle (Patel, 2005).
It is essential to the field of planetaiy exploration that smaller and more capable robots be 
developed to overcome all terrain challenges in order to fully explore planetary bodies. A  
primaiy limitation exists that small wheeled robots have limited terrain traversing capability. 
Another issue that exists for the use of legged robotics in space exploration is that the more 
reliable and tested technologies (i.e., joint motors) provide the least compliant control while the 
more advanced joint technologies are the least accommodating to use in planetary space 
missions. However, through advanced control techniques and utilisation of proven hardware 
technologies, a bio-inspired solution can be found. The simulation of visco-elastic muscle 
response found in newer robotic hardware technologies, such as pneumatics and electroactive 
polymers, can be applied to the control of heritage-strong electric motors to allow a more 
efficient overall microrover system. Additionally, incorporating soil properties such as soil shear 
strength and slippage expectations into the vehicle controller could further enhance rover 
mobility (Scott et al, 2008c).
2.3.2. B iomim e t i c s  in S p a c e  Robotics
Certainly, the test for biological evolution is survival through functional effectiveness - the most 
stringent test within the hostile natural world. Such robustness and adaptability is particularly 
critical in space exploration as the environments to be explored are typically unknown with, 
dynamics and variability that are not understood in detail. The general regions to be explored are 
understood, but details such as exact surface content, rock locations, expected soil response, etc., 
make the journey more difficult than rolling a wheel down a flat road surface. As space 
exploration missions demand greater sophistication and functionality, so the requirements for 
autonomy, miniaturisation, robustness, and survivability become paramount. A  critical issue for 
space systems is that of autonomy - the distances involved, particularly once a spacecraft
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ventures beyond Earth orbit, preclude real-time Earth-based control, necessitating high degrees of 
onboard autonomy.
The aim of biomimetic explorers is to display certain functional aspects of biological systems to 
gain advantage over standard mechanical designs, such as wheeled mobile robotic systems. The 
exploration of less understood planetaiy surfaces or die surveillance of hazardous environments 
is a difficult challenge, where die versatility to deal with and quickly adapt to unknown or 
unpredictable situations and environmental conditions could be critical. The definition of a 
number of system performance metrics is essential to provide a fair comparison of biomimetic 
approaches to traditional approaches to space mission design (Ellery et al., 2005d). For robotic 
planetary missions, there are a number of parameters currently adopted:
• Mobility in nigged terrain
• Sensing modalities for navigation and high scientific return
• Sample acquisition, manipulation and preparation (including drilling)
• Communication bandwidth
• Decision-making capabilities such as path planning, resource utilisation
• Planetary protection
An in-depth review of existing and upcoming technologies and their application to space 
exploration was completed in the initial phases of this research. ESA’s Bionics and Space 
Systems Design contract was awarded to the University of Surrey and their partners to provide an 
insight to these biologically inspired capabilities and their application to space exploration. The 
Technical Note 3 and Case Study 1 should be consulted for more detailed technical information 
on this topic (Ellery et al., 2005d; Ellery et al, 2005c).
Countless biomimetic locomotion baselines exist for the exploration of extraterrestrial 
environments. There are many examples of bio-inspired robotic locomotion systems and books, 
such as Neurotechnology for Biomimetic Robotics (Ayers et al, 2002), that are dedicated to the 
subject. However, for the purposes of this thesis, the focus will remain on hexapod locomotion 
and control with specific inspiration from the stick insect.
2 .4 . Legged Locomotion in Rough Terrain
The development of robotic systems that can traverse rough terrain is one of the greatest benefits 
of utilising legged locomotion above the more common wheeled or tracked alternatives. It has 
only been recently that onboard computing for mobile robots has become capable enough to 
handle the complexities of reflexes and the behaviours required to respond to unknown changes
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in the environment. Ridderstrom summarises Bekker and Waldron’s perspectives when he notes 
that “legged locomotion should be superior to wheeled or tracked locomotion over a variety of 
soils and certainly superior for crossing obstacles” (Ridderstrom, 2003). However, beyond a 
mention of the need to consider soil conditions in the vehicle controller, he (like most others in 
this field) does not discuss legged locomotion performance in deformable terrain.
Beer was one of the first to take advantage of these advances in onboard computing by 
implementing reflexes onto Case Western Reserve University’s (CWRU) hexapod robot, as he 
considered both biomechanical and neurobiological studies of stick insect reflexes (Beer et al., 
1997). Work on various robots through the Massachusetts Institute of Technology (MIT) robotics 
lab include kinematic and dynamic methodologies for determining the end point of a walking 
robot’s foot during each step (Byl et a l,  2009). Implementation of this methodology onto their 
Little Dog robot has shown to be quite successful in the vehicle being able to determine whether 
or not contact is made when it is expected.
Plustech Oy (currently John Deere Forestry Oy) developed a Forest Walker vehicle that is not 
autonomous as many of the previously discussed vehicles, but requires an onboard driver (Silva 
and Machado, 2007). This hexapod vehicle was designed to cross highly complex terrain caused 
by downed trees when clearing forests as these conditions would be far too difficult for wheeled 
or tracked vehicles to traverse. The same reflexes and behaviours required by smaller 
autonomous robots would also be required in this vehicle in case the driver was unable to see the 
downed trees when controlling the vehicle to walk. However, with none of these vehicle or rover 
investigations was the response of deformable soils the primary focus of the research and in only 
a few such teams was footprint sinkage under legged vehicles even considered.
The Robotics Institute at Carnegie Mellon University (CMU) has proposed various 
methodologies for vehicles to learn from leg sinkage in soil and whether mechanical soil 
properties can be inferred from contact. Most of these require an active computer vision system 
or laser range finders as part of this intelligent process (Pentland and Williams, 1989). Krotkov 
uses the “Step and Feel” technique on the Ambler robot at CMU by moving a single leg into soil 
to measure the vertical displacement (sinkage) of soil before each step is fully made (Krotkov, 
1995). This was die first legged robot to actively consider soil properties while walking. 
However, not only is this limited as a vertical-only investigation into the pressure-sinkage 
relationship and still requires vision hardware validation of terrain conditions. Additionally, the 
Ambler vehicle has a mass of 2500 kg, which is nearly 100 times greater than the mass allowance 
of the microrover classification.
Some force/torque based analysis to determine soil properties has been conducted for robotic 
excavators (Bemold, 1993). But only recently were various excavation techniques analysed to
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determine the appropriateness of applying these under microrover-sized conditions (Wilkinson 
and DeGennaro, 2007). Extrapolation of these techniques for direct application to legged 
microrovers is still required.
All in all, there has been minimal direct research in the area of modelling legged vehicle mobility 
in deformable terrain. These researchers were the first, and some of the few, who have begun 
investigating the importance of deformable terrain under the steps of a legged robot. Legged 
vehicles have, in some cases, been designed to conquer rough terrain, but these have not been 
designed to do so most effectively. They include brute force methodologies to plough through 
complex terrain (RHex), active vision systems to avoid insurmountable obstacles (Ambler) or 
complex reflexes to catch a slipping step of a walking vehicle (Walknet). However, in each of 
these cases, active application of the deformation of the soil itself are not considered.
2 .5 . Chapter Summary
As shown in this chapter, there have been significant advances in the field of robotics over the 
past 40 years. The purpose of which is quite clear -  develop a system that is inspired by nature 
with advanced capabilities for decision making and higher performance under unexpected 
conditions. Especially with regards to traversing complex terrain, the focus of nearly all of these 
vehicles has been obstacle avoidance -  either through brute force, pre-programmed walking 
reflexes or learned behaviours for overcoming these obstructions.
Through the literature reviewed here, it is the goal of this thesis to develop an understanding of 
the deformation of soil under each step of a hexapod robot. The anticipated tractive effort 
available from the soil can be fed into the control system in order for the controller to determine 
the most optimal vehicle velocity, gait pattern or avoidance technique required under the given 
conditions. An understanding of the expected vehicle slip can also benefit the vehicle’s decision 
making requirements. To accomplish this, a more in-depth investigation of the methodology used 
to study the deformation of soil under mobile robots is required. Chapter 3 will present an in- 
depth look at the mechanics of soil and its applicability to microrover mobility before 
experimentation and simulation of legged vehicle locomotion is proposed in later chapters.
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3 . Origin of Terramechanic Theory
Chapter 3 presents an investigation into existing teiTamechanic theory: the study of terrain- 
vehicle interaction. Before deeply considering the technical details of terramechanics and its 
importance to legged vehicle locomotion systems on planetaiy surfaces, some general concepts 
must first be introduced. Initially, the field of soil mechanics and the study of mechanical 
properties of soil will be introduced. The study of soil trafficability and traditional vehicle 
mobility will then be established. The limitations that exist in the application of traditional 
vehicle terramechanics to smaller, non-traditional vehicles will then be expressed. Finally, the 
considerations for developing a methodology for these vehicles will be made.
3 .1 . Soil Mechanics
The field of soil mechanics has been the topic of research for many decades. Starting as early as 
1913 with Bernstein’s mathematical investigation into the loading geometry of a surface area 
onto soil, the deformation of soil under various loading conditions has become an important area 
of research (Bekker, 1962).
However, the applicability of this method was limited to the specific soils and contact areas that 
were considered in the investigations and were not flexible enough to have overarching meaning 
under all conditions. Enhanced by Terzaghi (1943), who has since become known as the Father 
of Soil Mechanics, the proposal of a universal earth moving equation was made for determining 
the force applied by soil onto itself and any contacting areas (Section 3.1.3.1 will provide further 
detail into this method). Bringing the previous theories together, the soil and contact region 
properties could be determined and applied to this overarching methodology.
This universal theoiy is applicable for both vertical and horizontal forces applied to soils. With 
regards to horizontal loading, the force required to displace soil for tillage of agricultural fields is 
one primary area of study (McKyes, 1985). The design of retaining walls to hold soils in a 
specified area is another area of horizontal soil mechanics (Reimbert and Reimbert, 1974). Even 
applications in the design of bridge piles and offshore platform piers require a strong knowledge 
of soil mechanics (Fang, 1991). In order to accurately apply the theory across each of these areas, 
however, the mechanical properties of the soil must first be determined.
3.1.1. Soil Classifications
Soils can be classified utilising a number of different methods, as each country or geotechnical 
association has their own methodology that they follow. Examples of the U. S. Department of
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Agriculture (USDA) method, in comparison to the International System, Unified Soil 
Classification System (UNIFIED or USCS) and Association of State Highway and 
Transportation Officials (AASHO) methods are shown in Figure 6 . There are many other 
classifications used around the world, but they all have similarities in their development (USDA, 
2008).
U.S.D.A. CLAY SILT SAND GRAVEL COB­ STONES
f i. | co . v .fi . f i.  m e d . CO. v .c o fi. m e d . | CO. BLES
.002 .05 2 76 250mm
INTER­ CLAY SILT SAND GRAVELNATIONAL f i. | co . OtUIMCO
.002 .02 i 20mm
UNIFIED SAND GRAVEL
f i. | m e d . CO. f i. 1 co .
U U D D L l o
.074 4.76 76mm
AASKO CLAY SILT SAND GRAVEL OR STONES
fi. | co. fi | m e d . 1 CO. D U U L U C U d
.005 .074 2 76mm
Figure 6 -  Classification of soil grain sizes (USDA, 1993)
Considering only the material consisting of very small particulates (sub-millimetre size), there 
are three primary soil types: sand, silt and clay. Each of these has their own material properties 
beyond simply their grain size. As natural soils are rarely pure or homogeneous, they are often 
mixtures of the various types of soil. Figure 7 shows the USDA nomenclature for varying 
mixtures of soil based on the percentage makeup of each of the three primary classifications.
Figure 7 -  Classification of soil types (USDA, 1993)
The physical and mechanical properties of the lunar regolith have significant influence over the 
mobility performance of mobile lunar vehicles (Melzer, 1971). Research shows that lunar soils 
are fine-grained and relate closest to terrestrial silty fine (loamy) sand (Mitchell et al., 1972). 
However, it is expected that lunar (and Martian) soils have a slightly higher apparent cohesion
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than their terrestrial granular counterparts. Experiments done by the Spirit rover at Gusev crater 
show that surface soils are cloddy and the surface layer consists of closely packed, very coarse 
sand-sized particles (ranging from 1-2 111111 in diameter) (Arvidson et al., 2004). Lower layers of 
soil investigated in the tracks left by the wheels during locomotion show grain sizes ranging from 
coarse sand (0.5 to 1 mm) to diameters too fine to be imaged by the Microscopic Imager (<30 
micron per pixel) (Arvidson et al., 2004). Soil at the Eagle crater at the Meridiani Planum landing 
site is composed of basaltic grains 50 to 125 microns in size (Sullivan et al., 2005).
This thesis will concentrate primarily on dry sandy soils. This is due to the fairly dry nature of 
planetary soils on the Moon and Mars, which have been tested to show their properties are closer 
to sands than clays (Bekker, 1985; Ellery et al, 2004a). However, Carrier does note that Martian 
soil is expected to have a low amount of water in the soil, far more than what exists within the 
atmosphere, so some level of moisture content would need to be considered in future 
investigations (Carrier, 2006). “Natural soil is never uniform. Its properties change from point to 
point while our knowledge of its properties are limited to those few spots at which the samples 
have been collected” (Goodman, 1998). This excerpt from a biographical history of Karl 
Terzaghi expresses how such varied natural terrain will only ever be a best guess at its overall 
properties; an estimate based on the properties tested experimentally in similar environments. 
Unlike laboratory experiments when homogenous soils can be created under nearly any desired 
conditions, this would never happen in nature. In the case of planetary soils, terrains are 
unprepared, undulating, usually formed of highly granular soils, providing different and often 
more challenging conditions than found on Earth (Heiken, 1991). Therefore, understanding the 
make-up of natural soils or the preparation conditions of lab-created samples is a factor in 
determining the mechanics properties of those samples.
3.1.2. M e c h a n i c a l  Soil Properties
The compound classifications of clays, sands and silts have properties that must be considered 
when investigating their deformability, soil shear strength, etc. The most relevant of these 
properties to this study are the unit weight of the soil ( y ) ,  angle of internal friction (<p) and
cohesion (C 0). The properties of internal friction angle and cohesion directly influence the 
mechanics of soil. Sandy soils tend to have a higher friction angle and low to no cohesion, while 
clayey soils have a higher cohesion and a lower friction angle. Compound soils with a more 
evenly divided mixture of clay, silt and sand tend to have properties of both.
A linear relationship exists to determine the shearing strength (01* shearing resistance per unit 
area, z ) from tire soil cohesion and the frictional effects of the normal stress ( o ) on the soil. 
This is considered the Mohr-Coulomb failure criterion and noted as follows (Terzaghi, 1943; 
Wong, 2001):
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T =  C 0 + c rta n 0 = Co + —  tan 0 ^
The soil shearing strength (also known as the yield locus) is a function of the soil’s cohesive 
effect and the frictional effect of a unit load (W ) over the contact area (A ). It should be noted 
here that for “cohesionless” soils, such as pure sands, only die frictional effects of the load are 
considered above. Also, for “ffictionless” soils, such as pure clays, only the cohesive effects of 
the contact area are considered when determining the soil shear strength.
The shearing strength of soil is also affected by the moisture content, porosity, surface roughness, 
grain size distribution and packing conditions of the soil (Upadhyaya et a l . ,  1994; Drescher, 
1991). There does not exist a mathematical approximation that includes these factors in the 
determination of the shearing strength of soil; however, it is important to take these factors into 
consideration. Within the remit of this thesis, only dry particulate material is considered, 
therefore moisture content at or near 0% is considered in all cases. Homogenous soils will be 
used throughout in tills research, though slight variation in the tested soils should be expected. 
The packing conditions and relative density of soil also have an effect on the yield locus. Gill 
expresses how the stress-strain relationship peaks more distinctly for densely packed soils, while 
may not peak at all for loosely packed soils (Gill and Vanden Berg, 1967).
“Cohesionless” soils are generally considered to be granular material whose shear strength under 
zero consolidation load (under no normal stress) is negligible (Seville et a l ,  1997). The value of 
cohesion in the above Mohr-Coulomb relationship is the linear interpolation of the yield locus 
(discussed in more detail in Section 3.1.2.3). However, in the cases of many “cohesionless” 
materials, this interpolation results in a non-zero value for cohesion. This attractive property 
could be attributed to the bulk cohesivity of the soil due to the compaction (vibration) and 
compression (normal pressure) on a soil during shear (Seville et a l . ,  1997). Additionally, for soils 
with particles under 100 micron, an electrostatic charge between particles could cause a cohesive- 
like attraction (Seville et a l ,  1997). Therefore, the term “cohesionless” is inappropriate for use as 
a descriptor of compressible granular particulate material.
Therefore, the density of die tested soil is an important consideration and must be known when 
investigating the shearing strength of soil. This is fully detailed in Section 3.3.1, along with the 
experimental results that investigate this phenomenon discussed in Section 4.4.3.3. Various 
methodologies for testing and analysing the mechanical properties of soil are detailed in the next 
sections.
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3 .I .2 .I .  Soil Testing In The Field
Determination of the soil properties must be done through experimental investigation. This 
investigation can take place in the field (in-situ) or in a laboratory environment. In-situ testing 
can provide results for soil in a natural and undisturbed form, as well as providing samples and 
results in greater quantity than a laboratory can provide. However, in-situ measurements are far 
less easy to control and the results can be more difficult to interpret than controlled laboratory 
testing (Keedwell, 1984).
In-situ testing tools, such as cone penetrometers, can be used to determine both physical and 
mechanical properties of the soil being penetrated. A range of cone penetrometers are shown in 
Figure 8a (Keedwell, 1984). In the field, these large cones use a large hydraulic ram mounted to a 
vehicle to provide enough penetration force to push the cone into the ground (Keedwell, 1984). 
Other methods, such as the static cone penetrometer, do not require large vehicles or significant 
forces and can be utilised by hand (Jones and Kunze, 2004). The devices are pushed into the 
ground with the only force of the person doing the experimentation. This force is then measured, 
along with the depth of the penetration into the soil, to determine the soil compaction and 
properties. However, due to the nature of different field geologists applying different forces at 
different speeds, many repeated experiments must be completed to ensure some level of 
accuracy. A drop cone penetrometer tends to yield more consistent results than static cone 
penetrometers, as it requires a known hammer mass dropped from a known slide height a set 
number of times (Jones and Kunze, 2004). The drop cone penetrometer is also a rapid and precise 
method for estimating surface soil strength, however, a significant limitation to this is that it is 
unable to determine sub-surface soil properties.
Figure 8 -  a) Various cone penetrometers (Keedwell, 1984) and b) an annular shear plate of a 
bevameter (Ojeda et al., 2005) used to determine soil properties.
The utilisation of a bevameter, such as the one shown in Figure 8b is the primary method for 
determining the stress-strain relationship of a soil in the field (Ojeda et al., 2005). Through this 
methodology, the torque required to shear a soil at a specific normal stress is determined, which
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can be utilised to determine the shear stress vs. shear displacement relationship. These 
relationships at varying normal stresses can be plotted as Mohr circles to determine the cohesion 
and friction angle of tire soil. Similarly, a vane test can be preformed to estimate the shearing 
resistance of soil (Keedwell, 1984). Vane tests differ from bevanreter tests because they focus on 
sub-surface properties of soil, while the bevanreter takes measurements from the surface soil.
3.1.2.2. Soil Testing In The Laboratory
hr the laboratory, there are many different methods used to determine the strength of soil. They 
tend to fall into two categories, testing for soil compression to find the principal stresses and 
testing for shear stresses. Although it is worthwhile to know the principal stresses of a soil under 
varied loading conditions, the more relevant to terramechanics is understanding the conditions 
under which a soil shears.
Each of the methods for determining soil strength via the shear testing methods are generally 
expressed in Figure 9 (Atkinson and Bransby, 1978). The first and primary method for 
determining the strength of soil is using the direct shear, or shear box, method. This method 
requires a small volume of soil laid out in a box with a normal force loaded on top of the soil to 
introduce some level of compression. The lower half of the box is fixed, while the upper half of 
the box can be displaced with a horizontal force. The relationship between these can be used to 
determine the shear strength of the soil, as well as the properties of internal friction angle and 
cohesion introduced previously. Alternatively, the simple shear test allows the entire soil sample 
to deform uniformly. This will allow the overall strength of the soil region to be determined, 
instead of only the region along the contact area between the upper and lower plates of the direct 
shear test.
Figure 9 -  Various testing methods of determining the strength of soil: direct shear, simple shear and
ring shear (Atkinson and Bransby, 1978).
The final shear test is called the ring shear test. In this method, torsional shear is determined 
based on a normal force applied vertically to the sample while a torque is applied to the inner ring 
of soil. This is often used for significantly larger shear deformations, as the rotating shaft can 
rotate indefinitely, while the lateral movement of the direct or simple shear* tests are limited to the 
size of the shear* box.
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Each of these methods determines the yield strength of soil due to two-dimensional shearing. The 
use of a triaxial shear box can determine these properties under three-dimensional shearing and 
when sampled under high pressure. This method would not allow for changing the relative 
density of the sample, nor is it ideal for dry sands. Therefore, this method is not further 
considered in this thesis.
3.1.2.3. Determination Of Soil Properties
The results of these shear test methods are then utilised to determine the relationship between the 
normal stress and the shear stress of the soil. Graphically, the Mohr’s circle method is one way to 
determine these properties, and is shown in Figure 10. Various circles are drawn for the normal 
stress to shearing stress relationship, based on triaxial testing and the tangential line of these 
circles is drawn. The intersection of this line with the y-axis will find the cohesion and the angle 
it forms from the x-axis is the angle of internal friction of the soil. This method is also classified 
as the determination of the effective yield loci at a given normal stress (Drescher, 1991).
Figure 10 -  Mohr’s circle diagram for determination of the instantaneous yield loci or tangential
angle of internal friction and cohesion.
In the case of dry granular materials, such as dry sands, some researchers consider that the 
cohesion of a soil should always be zero. Therefore, the secant method that connects the origin 
(where both normal and shear stress equal zero) with the top of a Mohr’s circle will find the 
friction angle of each relationship (Taylor, 1948). This method is also considered to determine 
the effective yield loci (Drescher, 1991) and is shown graphically in Figure 11.
However, these methods are also applicable without the use of the graphical requirements of 
Mohr’s circles, which cannot be built from the data collected through two-dimensional shear 
testing (like the direct or simple shear). Instead, the direct relationship between the normal and 
shear stress results of these two-dimensional tests can be plotted. Figure 12 shows the shearing 
strength curve at three normal pressures. The critical (final) shearing stress is the desired value 
for determining the angle of internal friction and cohesion, utilising either the tangent or secant 
methods.
31
Origin of Terramechanic Theoiy
Figure 11 -  Mohr's circle diagram for determination of the effective yield loci, or utilisation of the 
secant method to determine the angle of internal friction for a granular material.
Through either of these test methods, the mechanical soil properties can be determined. Both the 
tangent and secant methods are considered applicable for the compressible soils that are the focus 
of this thesis. A further analysis into the variations in the results of these methods will be 
discussed after the experimental testing results are presented in Chapter 4. Further tests, such as 
the pressure-sinkage test, can be utilised to determine other soil properties, as discussed in the 
following sections.
Figure 12 -  a) The example shear stress curves as horizontal displacement increases of a direct shear 
sample at three normal pressures and b) the resulting angle of internal friction and cohesion values
based on the tangent and secant methods.
3.1.3. Soil Forces
Once die primary soil properties have been determined, they can be used as the baseline for 
estimating the forces required to displace soil under various conditions. Whether this be the study
of vertical bearing capacity of soil or horizontal displacement due to a dynamic force or the
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retaining capacity of a wall or the tractive effort a vehicle has in soil, the soil properties are at the 
heart of the mathematical methods used to calculate these soil forces. The following sections 
express some of these methods for calculating the force on soil under various conditions.
3.I.3.I. Universal Earth Moving Equation
One of the first methodologies developed to investigate the deformation of a soil due to the 
interaction with a contacting tool/area was investigated by Terzaghi (1943). This flexible 
equation is applicable for both vertical and horizontal soil forces. Terzaghi proposed that the 
deformation of soil can be expressed using a universal earth moving equation. Later, researchers 
such as Reece (1965) improved upon the methodology to develop the standard that is used today, 
which is expressed as follows:
F  =  p:0iN r + C 0z0~Nc + q z 02N (] +  C az02N ca ^ )
This equation expresses the force required to deform soil based on the four influences on the soil:
1) gravitational effect of surrounding soil mass,
2) cohesive effect of soil,
3) additional surcharge applied to the surrounding soil, and
4) adhesion effects of the tool contacting the surrounding soil.
As such, Terzaghi5 s four dimensionless soil bearing capacity factors represent different soil 
capacities that must be accounted for:
• N Y relates to the effect of the soil’s density,
• N c relates to the cohesive factor of the soil,
• N q relates to the external pressure factor exerted on the soil, and
• N ca relates to the adhesion factor of the soil to the tool deforming the soil.
The other parameters: unit weight of soil ( y  =  pg  , where p  is density and g is gravity), final 
penetration depth (z 0), soil cohesion (C0), surcharge pressure on the soil ( q ) and soil adhesion 
( C a), complete the equation to determine the overall force that the soil can withstand before 
collapse ( F ).
The soil bearing capacity factors can be determined using a number of different methods 
(McKyes, 1985; Wilkinson and DeGennaro, 2007). Each of these can be determined 
experimentally, though mathematical methods exist for estimating these values. Terzaghi 
proposed a methodology that worked effectively for some particulate materials when applied to
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finding the bearing capacity of soil utilising only the internal friction angle (Terzaghi, 1943). 
Other methods to determine the bearing capacity factors were later developed and found to be 
more accurate under specific soil conditions based on the interaction between a contacting tool 
and the soil. Most of these methodologies consist of more than just the friction angle, as Terzaghi 
proposed. Further soil-soil interaction properties also include the wedge angle ( (3 ) at which the
soil collapses outward from the disturbing force (noted as 45° - %  in Figure 13). Additionally, 
the tool-soil interaction properties are included in some of these bearing capacity factor 
methodologies. These factors include the angle of friction between the soil and the tool ( S )  and 
the angle of approach of the blade contacting the soil ( a ) .  Some of these mathematical 
methodologies are proposed and simulated in the following sections of this chapter where they 
apply most directly.
3 .I .3 .2 . L og  Spiral M ethod for D eterm ining Effected  Soil Regions
The log spiral method is used for determining the shear line of the soil due to an impacting tool at 
any given depth below the surface (Terzaghi, 1943). Given the origin of the log spiral at the 
comer of the contacting tool area, noted as point b (see Figure 13) and distance r0 between b 
and d , the curved part of the line between d and e can be found.
Figure 13 -  Region of deformed soil and shearing lines of a soil based on a narrow footing a) at the 
surface and b) submerged a distance below the surface (Terzaghi, 1943).
The zone immediately under the tool is considered die active Rankine zone or elastic wedge and 
is noted by triangle abd in Figure 13. The area is bounded on top by the contact width of the 
tool ( 2B )  and the sides are created at angles as a function of the internal friction angle of the soil 
(Terzaghi, 1943; Keedwell, 1984). Depending upon the conditions, different authors consider this 
to be the internal friction angle itself or 45° + %  or the critical failure angle ( j3 ) determined as a 
function of various soil properties.
The curved area on either side of the impacting tool (noted ade) is considered the radial shear 
zone. Starting where the active Rankine zone ends (noted bd ), a logarithmic spiral zone is 
considered as a polar function of the increasing radial distance r as the angle (  9 )  from line bd 
increases. This logarithmic spiral section is bounded by the following equation:
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The third region found on each side of the impacting tool is called the passive Rankine zone. It is 
bounded on the top at the sinkage depth of die impacting tool and by the obtuse isosceles 
triangles with top angles of 45° -  %  . From the sinkage level ( D f  in Figure 13, but also referred
to as z0) up to the surface, the deformation line of the effected soil becomes vertical when 
regarding the bearing capacity of soil. However, if the contacting area is moving horizontally, the 
ef  line is extended up to the surface as the displaced soil is pushed in that direction.
When the slope of the line tangent to the log spiral curve is horizontal, the maximum depth of the 
effected slip line can be determined. It should be noted that only friction angle is required to 
determine tire shear line, as it is independent of both cohesion and surcharge. The soil surcharge 
is not a factor in determining the deformation line via the log spiral method because the surcharge 
should be equivalent to tire pressure applied by the tool at that same sinkage depth. Therefore, the 
curved portion of tire failure region (d e  or b e )  is unchanged for varying depths. However, tire 
distance outward from tire impacting tool will increase with depth as the extension of the straight 
line ef  continues upward towards the soil surface.
This methodology is important in determining the size of the region of soil that is affected by 
impacting tools, hr laboratory experiments, if a soil test box is built too small to allow the entire 
envelope of the soil to naturally deform, external forces of the soil pushing against the sides or 
base of tire box will affect the soil forces on tire impacting tool. Therefore, it is essential that tire 
test area is large enough for any experimental work that will be conducted. This method is 
applied to tire development of tire soil box used in the experimental work of this project and is 
detailed in Section 5.1.1.
3.I.3.3. Sinkage and Soil Pressure
Density, friction angle and cohesion are not the only soil properties required to accurately 
determine soil response to contacting areas. There is the relationship of the instantaneous sinkage 
( z )  developed due to a contact pressure ( p )  being pressed onto soil with a specific modulus of 
soil deformation ( k ) .  Initially, this was proposed by Bernstein (1913) in German and is 
expressed as follows by Bekker (1962):
P = k4z(4)
Two decades later, this theory was updated by Goriatchkin (1936) in Russian as follows (from 
Bekker (1962):
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P  =  kz" (5)
The significant change in the sinkage exponent being updated from a constant of 0.5 in “average 
conditions” to a soil-specific empirically-determined exponent ( n )  (Bekker, 1956). This 
increased the flexibility of the pressure-sinkage relationship to better fit varying types of soil. 
Mathematical methods exist for estimating n , two of which involve log-log plots of sinkage and 
pressure. Gill suggests that given a value of k for each contact width b , plotting these lines 
would be used for directly finding n (Gill and Vanden Berg, 1967). However, Wong also 
suggested that the relationship of plotting values of a (which is the same as Gill’s k ) for values 
of b would work, but he associates n as the tangent of the angle created, not the angle itself 
(Wong, 2001). Each of these methods for finding n are noted in Figure 14.
a)
Figure 14 -
Additionally, it was shown by both Bernstein and Goriatchkin that k is not a proportionality 
constant, but rather a function of the contact-area (Bekker, 1962). Several methodologies exist for 
determining this function and are proposed below.
While working for the Canadian Army at the Operations Research Office of Johns Hopkins 
University, Bekker proposed that the cohesive modulus of soil deformation ( k c) and the 
frictional modulus of soil deformation (fcQ are appropriate for determining the modulus of soil
deformation (Bekker, 1956; Bekker, 1962). The Bernstein-Bekker methodology to determine the 
pressure-sinkage relationship is as follows (Bekker, 1956):
p  = l y + r i (6)
Upadhyaya proposed that there are two soil stiffness constants for sinkage ( /cL, k2) are 
independent of plate width and are of the units Pa and Pa/m, respectively (Upadhyaya et a l,  
1994; Rashidi et al., 2006). This was proposed due to the confusion of the Bekker factors having 
units that vary with the exponential variable, n, as Pa/nY and Pa/rn"'1, respectively. The
kz ks 
LOG z
Determination of n in the pressure-sinkage relationship using methods developed by a) 
Gill and Vanden Berg (1967) and b) Wong (2001)
n = tan a s
36
Origin ofTerramechanic Theory
Upadhyaya methodology to determine die pressure-sinkage relationship is as follows (Upadhyaya 
et al, 1997):
A comparison between these methodologies has been conducted by several researchers (Rashidi 
et al, 2006; McKyes and Fan, 1985). Each of these show that both methods are reasonably 
accurate under high loading conditions. However, Bekker’s method provides more accurate 
(though under predicted) sinkage values, while the Upadhyaya method provides slightly less 
accurate (and over predicted) sinkage values.
A third consideration of the pressure-sinkage relationship utilises Terzaghi’s universal earth 
moving equation applied to the bearing capacity of the soil, instead of variation to the 
proportionality constant k . Here, the pressure-sinkage relationship can be considered as a 
function of two of Terzaghi’s soil bearing capacity factors (Terzaghi, 1943; Reece, 1966):
In the above, the coefficients of N c and A /are two of Terzaghi’s soil bearing capacity factors, 
while C0 still represents cohesion and y  represents the unit weight of the soil. Terzaghi went on 
to express the derivation of the N-factors as functions of internal friction angle, as described in 
detail in the following section. As the depth of the contact area under the soil level is not
capacity factors, the consideration of the depth to width ratio must be considered (Reece, 1965). 
Therefore, the methodology is extended as follows:
An alternative extrapolation of Terzaghi’s pressure sinkage relationship was proposed by Reece 
(1966) as follows:
where n, kc' and k f  are pressure-sinkage parameters determined experimentally. This is similar
measurement of moving vehicles, and therefore greatly complicates the application of this 
method to studies of vehicle mobility (Le, 1999).
(7)
P  =  C 0N c + ' ) b N r (8)
expressed in the above, nor is depth considered in Terzaghi’s determination of the soil bearing
(9)
(10)
to the Upadhyaya model, but also includes the soil density like the Terzaghi model. Le expresses 
how this methodology requires significant experimental data observed from direct or indirect
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It should be pointed out that each of these derivations of the pressure-sinkage relationship was 
developed through experimentation with large pressure plates and large normal forces and 
therefore the relationship is only reasonably accurate under high loading of pressure areas on soil. 
It should also be noted that the initial two pressure-sinkage derivations (Bekker and Upadhyaya) 
do not directly take into account the density of the soil, though this is considered as part of the 
experimental determination of the soil deformation moduli. The last two methodologies 
(Terzaghi and Reece) do take into account the density of the soil in the base equations. However, 
the density is considered in such a way that it is considered constant at all sinkage levels, as 
opposed to varying with depth as the soil is more compressed at higher depths. The consideration 
of soil compaction is taken into account in the experimental work presented in the following 
chapters.
3.I.3.4. Blades and Walls
Further from the displacement of soil under vertical loading, the forces required to horizontally 
displace soil or passively support a wall of soil must also be investigated. There are two primary 
forces that affect a blade moving through soil: draught force ( F D)  and active force ( F A). 
Additionally, there are shearing forces on the blade that must be considered. Figure 15 shows the 
each of the forces that affect an infinitely wide blade pushing through soil, and includes the 
previously defined variables considered in the universal earth moving equation.
Direction of Blade Movement 
 ►
3.I.3.4.I. Draught Force
Draught force is the force required for a blade to horizontally displace a specific soil at a given 
depth. In order for a large bulldozer to displace soil, it must be powerful enough to not only 
vertically submerge its tool into the soil, but also achieve enough force to displace the soil in 
front of the moving blade.
The determination of the draught force required to displace soil horizontally can be found using a 
variation of Terzaghi’s universal earth moving equation. Considering either a 2-dimensional case 
of an infinitely wide blade or the 3-dimensional case for considering a blade with a specified
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width, Terzaghi’s universal earth moving equation can be applied (McKyes, 1985). For a narrow 
blade of known width (5 ), one of the sinkage values is replaced by the width of a narrow tool. 
Application of Terzaghi’s universal earth moving equation to describing the force necessary to 
cut soil with a tool was proposed by Reece and is shown in the equation below and is expressed 
graphically in Figure 15 (Reece, 1965).
F d  = + C0z0N c + qz0N (] + C(lz0N ca) (1 1)
From this initial universal equation, various methods can be applied to determine the draught 
force. McKyes summarises a number of methods that involve various definitions of Terzaghi’s 
soil bearing capacity factors for 2-dimensional cutting models, as well as 3-dimensional models 
(McKyes, 1985). Each of these methods makes different assumptions, such as infinitely long or 
2-dimensional cutting wedges, or of weightless or average weight of soil, or many others. Each 
method tends to be more accurate under different circumstances. Some of these methods are 
expressed below.
Hat blndc
media surface
y s/ /  approximate flat 
failure plane
logarithmic failure plane
. ±«/cohesion 
f  forces
U  external friction x forces
(c) Cutting forces(a) Cutting failure planes (b) Cutting operation variables 
Figure 16 -  Cutting planes, variables and forces used for 2D and 3D modelling of soil deformation in
this thesis (Wilkinson and DeGennaro, 2007).
The first method is evaluating wedge dynamics for a wide blade in soil, initially proposed by 
Hettiaratchi and Reece (1974) but publicised by McKyes (McKyes, 1985). This method tends to 
be the basis for other methodologies, as it is a rather straightforward geometric application of the 
soil-soil and tool-soil properties. The soil bearing capacity factors for determining draught force 
on a long wedge in soil as follows:
_ } (cot or + cot/?)
7 cos(ar + <y) + sin(ar+£)cot(/? + 0)
_ (cot a  + cot/?)
q cos(<2 + <?) + sin(ar + <?)cot(/? + 0 )
N  =
1 + COt /? cot (/? + <f)
cos(a + £) + sin(tf+  <?)cot(/? + ^)
A L  = l -c o t# c o t( /?  +  <j>)
(12)
cos(ctr + S )  + sin(or + S )  cot(/? + (f )
Godwin and Spoor also proposed a method for predicting the draught force of very narrow tines 
moving through soil (Godwin and Spoor, 1977). This methodology incorporated similar 3- 
dimensional forces and impact of the force on the side of the narrow wedge and utilises the wide 
wedge theory soil bearing capacity factors above, with modification to the universal equation as 
follows:
39
Origin ofTerramechanic Theoiy
Fd = (}Z02N y + C0zQN c+qz0N q+ C az0N ca\b + s)sm{a + S)+Caz0bcota (13)
In the above, the width of the soil affected to the side of die wedge is found as 
s = r[l - (z0 cot ccfr)2 ] /2, where r is the radius of the arc of soil being deformed to the sides of 
the narrow blade. Other authors, such as Hettiaratchi and Reece (Hettiaratchi and Reece, 1967) 
proposed more elaborate techniques to describe soil cutting forces in three dimensions. This 
method is considered to predict draught force accurately for narrow blades having a width of 
about l/6th of the depth of the operation. However, actual draught force was less than the 
predicted for wider blades (McKyes, 1985). This method also incorporates the previous soil 
bearing capacity factors with modifications to the universal equation as follows:
Fd = U o 2©  + C0z0N c + qz0N q + C'ZqN",}? sm(a+S)+
Ca z0b cot a + P2 sin a
In the above, P2 represents the force required to move both side zones on either side of the 
moving wedge. This is modelled through various equations found in McKyes and Hettairatchi’s 
publications and is not detailed further in this thesis (McKyes, 1985).
McKyes and Ali propose a methodology for determining draught force that does not incorporate 
the existing soil bearing capacity factors (McKyes and Ali, 1977; McKyes, 1985). Their method 
focuses on the minimisation of N r based on determining the critical angle of soil failure (J3cr),
which represents the path of least resistance for the soil to collapse based on tool geometry and 
soil strength. As such, they utilise the original draught force equation and define variations to the 
soil bearing coefficients. These modifications are as follows:
}(cot# + cot/?)fl + — 1 , / jA
3b J (cot a + cot jB) 1 + 1
r f ,  . i i s \ \  a t  —  v
Nf = ____
7 cos(# + <?) + sin(# + <5’)cot(/? + <J>) N q =
. . cos(# + £) + sin(# + c?)cot(/? + (j>)
(l + cot/?cot(/? + 0)|l + — j   l-cotarcot(/? + © _____
N c =  7 -r 7 — 7^--r ca cos(or + S) + sin(«r + <5“)cot(/? + d>)
c cos(a + S)+sin(a + 5)cot(j3 + 0) v ; v
In the above variation from the initial soil bearing capacity factors for wedge theory, the width of 
the soil affected to the side of the wedge (s) is found geometrically through a different method 
as follows:
s = z0 {cot a + cot J3}\ 1 - r cot# cot # + cot/? (16)
Another method was also proposed which takes into account variation in the soil bearing capacity
factors (Grisso et al., 1980). Grisso’s method assumes a mass-less soil and takes into account the
—
Origin of Terramechanic Theoiy
height of the soil being lifted in front of the moving blade (h), instead of the soil forces affecting 
the sideward movement of soil away from the wedge. Additionally, the coefficient of earth 
pressure at rest (K0 - (l-sin^ )), as well as the centroid depth where soil forces are applied 
(z = (z0 +h)/3), are considered. As such, the soil bearing capacity factors applied to the standard 
universal equation are as follows:
_ A* 2A 0zs in ^  + wsin(/? + (j)) 
r bzq2 sin(dr + fl + (f) + j) A>=0
J 2 A *  1 cos <p\ ----T
bz0 sin J3 AL =
1 + - 
V zo J
cos(<2 + p  + (j)) (17)
sin(«r + (3 + (j) A- 5) sin (or + fl + (f) + <?)sin a
The following substitution for the soil contacting area (A *) is also required for completion of the 
soil bearing capacity factors:
A*;
2
1 + h
-o
r
1 +  —  |C0t(2f +  cot/?
J (18)
There are notable similarities to the above proposed derivations. Each of the above theories were 
compared by McKyes for comparison in dry sand having a friction angle of 37 degrees and no 
cohesion. A  blade of width (w , known in this thesis as b) 12.6 cm and a soil-tool friction angle 
of 23 degrees is pulled through soil at an angle of 30 degrees at varying depths (z0). The 
resultant draught forces (FD) for each method were plotted by McKyes and represented in Figure
17.
z0 [cm]
Figure 17 -  Comparison of various draught force methods including: 1) Godwin and Spoor (1977), 2) 
McKyes and Ali (1977), 3) Hettiaratchi and Reece (1967) and 4) Grisso et al. (1980) (McKyes, 1985).
Each of these methods has their most appropriate application. In the above example, the models 
defined by Godwin and Spoor (Godwin and Spoor, 1977) and McKyes and Fan (McKyes and
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Fan, 1985) fit more appropriately with the experimental data tested by Luth and Wismer. 
However, others may fit better under different experimental conditions.
3.1.3.4.2, Excavation Force
Further to draught forces, various researchers have proposed excavation forces for removal of 
soil through digging under various conditions. These are similar to the draught force 
considerations expressed above, however, there is the inclusion of both the vertical and 
horizontal forces required to excavate a soil. The horizontal force is the same as draught force 
and is calculated similarly by various researchers. Wilkinson summarises a number of these 
excavation forces, which also include McKyes model for draught force determination as a 
horizontal excavation force (Wilkinson and DeGennaro, 2007).
However, most of these excavation models include empirically derived coefficients. One 
example of this includes a methodology proposed by Wismer and Luth that Martin-Marietta 
Corporation proposed, in conjunction with the Colorado School of Mines to estimate the 
horizontal and vertical forces required for the excavation tools on the Viking landers (Wilkinson 
and DeGennaro, 2007). In this method, the horizontal and vertical excavation forces are 
determined separately in terms of friction and cohesion. These are each shown below:
In the heavily empirically-derived formulations above, the velocity of the moving tool ( v ) and 
the length of the tool ( / )  are also included (it should be noted that tool length could also be 
derived geometrically as l =  z0 / s ina ) .  It should also be noted that other than rake angle ( a ) ,  
the other soil-soil and soil-tool properties ( (j) , fl , and 8 ) are not considered in this formulation. 
Due to the highly empirical methodology applied to this and other excavation models, as well as 
the ignorance of primary soil-soil and soil-tool properties, excavation models are not considered a 
robust enough model for consideration of planetary surface trafficability.
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3.I.3.4.3. A ctive and Passive Force
Active and passive earth pressure were first introduced by Rankine in the 1800’s as the forces on 
either side of a vertical retaining wall (Terzaghi, 1943). Active earth pressure is considered as the 
lateral pressure exerted by the soil on the back of a wall, and gradually decreases as the wall is 
displaced away from the soil, as if the soil was able to expand into the voids created in this space. 
Passive earth pressure is known as lateral pressure exerted by the soil as it is being compressed 
laterally by a retaining wall. McKyes expresses earth pressure in graphical form in Figure 18:
Figure 18 Soil on both sides of a retaining wall in a) the passive state and b) the active state
(McKyes, 1985).
As a blade is cutting through soil, the soil pushing in conjunction with the moving blade is in the 
active state and therefore the active force can be determined. This active force supports the 
horizontal movement of the blade and can be visualised as the soil failing and filling the void 
space created by the moving blade. Active earth pressure was initially proposed as an even 
distribution as follows (Terzaghi, 1943):
P a ~  W o K a  ( 2 0 )
The coefficient of active earth pressure ( K A) was initially defined as a function of the flow value 
of the soil ( A / )  (Terzaghi, 1943):
K a = -j- =  -A  -^ = tan'
tan2f45° + —
45° - (2 1)
Further focus onto the distribution of pressure across a retaining wall found that a point force 
should be applied 1/3 of the distance up from the bottom of the contacting wall. In the case of a 
2-dimensional retaining wall at an angle a  and soil-wall friction angle of S , the force per unit 
width is as follows (Bekker, 1956) :
P A _  K o __________ £
b 2 sin or cos <5 A (22)
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Further investigation into the coefficient of active earth pressure led to the incorporation of the 
additional soil-soil and soil-tool interaction properties ( a , {3, andS )  and is expressed as follows 
(Terzaghi, 1943):
As this same blade cuts through soil, the soil being compressed is in the passive state. However, 
for a dynamically moving tool, the passive force is considered within the draught force required 
to displace the soil, up to the point of the soil failing. Therefore, passive soil force is not 
considered separately.
3.1.3.4.4. Shearing and Adhesion Forces
Each of the previously discussed forces are considered normal to the direction of the soil force. 
However, shearing forces must also be taken into account. The shearing force ( F s )  introduced as 
the application for the Mohr-Coulomb relationship to soil deformation. In force form, the 
equation can be written as follows:
soil. Additionally, it can be used to determine the shearing forces against a blade pushing through 
soil or an object rolling on top of soil. This begins to merge into the area of soil-vehicle 
interaction and will be covered in more detail in Section 3.2.
soil interaction, the adhesive force is the attraction of soil to a tool. Adhesion itself is considered 
in many of the above normal soil force formulae, but could also need to be considered for 
shearing stresses. The adhesive force between a tool and soil is dependent upon the surface 
structure of the tool, but is difficult to measure and often negated due to insignificant effect on 
overall results (McKyes, 1985). For the remainder of this investigation, adhesion-specific 
shearing forces will not be considered, though the inclusion of adhesive effects to normal forces 
will be for models where this is included.
The above sections express the methodology to understand the deformation of soil under various 
loading conditions. This is essential as a background to understanding how a moving vehicle 
gains traction in soil. The consideration of mechanical properties of soil, friction angle and
sin2 ( a  + ^) cos S
(23)
F s =  A C 0 +  W  tan (j) (24)
This relationship is used for the determination of the angle of internal friction and cohesion of
Another shearing or cohesive-like force is due to adhesion. Similar to the cohesive effect of soil-
3.1.4. Soil M e c h a n i c s  S u m m a r y
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cohesion at a minimum, are required to form mathematical predictions as to how the soil will 
deform and the resulting force it can provide before collapse. The methods to find these 
properties all focus on traditional soil mechanics, with structures under high-pressure static 
loading. Using the processes above, the mechanical properties of any soil can be determined. 
Classically, these tests are performed on Earth, however the in-situ processes also apply to 
planetary surfaces. A detailed list of the accepted soil parameters for some Earth-based and 
planetaiy soils are given in Appendix A.
When a more detailed understanding of dynamic loading of vehicles is required, the area of soil 
mechanics merges into terramechanics. The following section focuses on the area of 
teiramechanics and the deformation of soil due to a moving vehicle.
3 .2 . Terramechanics
Terramechanics, the study of ground-vehicle interaction, concerns itself primarily with the 
generation of traction and inherent off-road resistances. This builds upon the area of soil 
mechanics, as the soil trafficability prediction for a vehicle is dependent upon the deformation of 
the soil under the vehicle loading. The primary applications for such knowledge initially came 
from the agricultural and military vehicle sectors, as ensuring tractive capabilities of these 
vehicles under their expected soil conditions was vital.
This theoiy has also been applied to smaller vehicles, though with varying levels of success and 
accuracy. Further yet, studies have applied terramechanic theory to planetary vehicles. To date, 
researchers have only loosely considered the area of terramechanics for legged vehicles. Each of 
these will be investigated in the following sections.
3.2.1. Mobility of Traditional Vehicles
Work by Micklethwaite at the School of Tank Technology in the UK led to his 1944 publication 
concluding that the maximum soil thrust of a vehicle can be expressed in the form of Coulomb’s 
equation for the maximum shearing strength of soils (Bekker, 1962). Later work at the Land 
Locomotion Laboratory at the University of Michigan applied this methodology to large tracked 
and wheeled vehicles to determine more accurate characterisation of vehicle performance under 
differing soil conditions (Bekker, 1956). Variations in vehicle performance were considered not 
just for tracked vs. wheeled vehicles, but also rigid vs. flexible wheels, 2 vs. 4 vs. 6 (or more) 
wheels, and many further configuration considerations. Wong later enhanced these theories with 
a more in-depth study of the deformation of the soil under various vehicle loadings (Wong, 
2001). This work also included a more detailed look at vehicle configurations regarding
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suspension impact on vehicle contact load distribution, steering considerations and motor torque 
effects.
For any driving vehicle, the performance that a vehicle can gain from the soil (also known as its 
trafficability) is primarily a function of the weight of the vehicle distributed across the contact 
area between the vehicle and the soil and the properties of the soil itself. Figure 19 shows the 
contact regions for a wheel and a track.
Figure 19 -  Considerations for contact area between the soil and a) rigid wheeled and b) tracked
vehicles.
To predict the soil trafficability for a specific vehicle in a specific soil, drawbar pull ( D P ) is used 
to benchmark a vehicle’s ability to traverse the given terrain. This is an accepted standard for 
determining the mobility of traditional wheeled and tracked vehicles. It is most often used and 
was initially designed for large vehicles such as tanks, farm equipment and other off-road 
vehicles, but has been extrapolated to microrovers as well.
Drawbar pull is calculated from the difference between the available soil thrust ( H  ) that a 
vehicle can gain from the soil and the resistances from the soil due to influences such as 
compaction ( Rc), bulldozing ( Rb), gravity ( Rg), rolling ( R r ) and other resistances ( Rother)
(Bekker, 1956). The determination of drawbar pull can be written as follows:
D P  =  H  ~ ( R c +  Rh +  R g +  R r +  R other) ^ 5 )
Each of the parameters used to determine the drawbar pull of traditional wheeled and tracked 
vehicles will be derived in the following sections.
3 .2 .1 .1 . Soil T h ru st
Soil thrust is defined as the level of tractive effort a plastically deformable soil can provide at a 
given level of shearing. For off-road vehicles, this can be considered as the amount of thrust a 
soil can provide in response to torques generated by the wheel/track before the soil collapses 
entirely. The theoretically ideal thrust available to a vertical contact area pressed down into soil 
may be determined by using an adaptation of the universal earth moving equation and the Mohr- 
Coulomb relationship (Wong, 2001). In terms of Terzaghi’s universal equation, since the
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horizontal force is desired, contact width (not sinkage) is considered. The compaction factor was 
empirically found to be N c = j  and the surcharge factor was found to be N q =  j  tan (f>. The other
terms are considered of no impact because there is no effect by the soil density on top of the 
compressed area and adhesion is only measured when a contact area is moving away from soil. 
Therefore, the Mohr-Coulomb relationship can be derived as follows (Reece, 1965):
F  =  C 0z02N c + q z Q2N q = C A 2[ ~ ^  + ^  b2 “  tan (f> =  A C Q + W  tan0 (26)
In practice, however, the tractive effort imparted on a soil by a vehicle will often exceed its shear 
strength, leading to mass shear and vehicle slip. Without considering these losses, ideal soil thrust 
(7 /0) is defined from the Mohr-Coulomb equation as follows:
H o = T maxA  =  A C o + W ta n 0
However, rarely will a vehicle have absolutely no slip. Therefore, this ideal soil thrust must be 
modified to take slip into account.
3 .2 .I .2 . Slip
When considering losses, specifically slip, a modification from the ideal is required. Slip is 
defined as the distance a contact surface would move opposite from its intended direction of 
motion and is measured as a percentage. At 0% slip, the actual soil thrust is equal to the ideal soil 
thrust and at 100% slip the actual soil thrust is zero. This has been visualised in many cartoons 
when one character is chasing another, but ends up running on marbles, water, or another 
substance where the chaser’s legs continue to spin in circles and no forward motion is gained 
(therefore, 100% slip). For a wheeled vehicle in soil, the flow patterns of soil under a rolling, 
slipping and locked wheel can be seen in Figure 20.
For flat contact areas on a soil, an accepted methodology for determining actual soil thrust from 
ideal soil thrust due to the effect of percentage of slip ( / )  is as follows:
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l - - { l - e ~ n u )
il (28)
This determination also requires knowledge of the contact length ( / )  and the shear deformation 
modulus ( K ). The derivation of the shear deformation modulus is discussed in more detail in 
Section 3.2.1.3.
In terms of torque available to a wheel from a soil, the modification of the maximum shear 
strength of soil by the shear displacement ( ? )  and the shear deformation modulus can 
alternatively be considered. Many researchers use shear displacement instead of slip percentage 
and contact length. This torque methodology is defined as (Wong, 2001):
7  = rfmx I1 “  e~j ' K) = + tan </)(1 -  e~i,K) (29)
More recently, authors have proposed modifications to the ideal soil thrust of a vehicle. 
Apostolopoulos (Apostolopoulos, 2001) proposes a shortened version of the equation:
W - f f . f r - « '* " )  (30)
Patel (2005) further simplifies the soil thrust vs. slip model:
H  = H ae~iUK (31)
Wilkinson notes that the Apollo rover slip equation used by NASA is the same as proposed by 
Wong, as follows (Wilkinson and DeGennaro, 2007):
■ - f t - . - ) ) (32)
Each of these models would need to be validated against experimental investigations to ensure 
accuracy of the desired model in practice. The determination of slip can be somewhat 
straightforward when investigated experimentally. According to Bekker (1956), slip can simply 
be found as a ratio of the actual velocity of a vehicle (V© and the ideal/theoretical velocity of 
that vehicle or wheel/track ( V ). The theoretical velocity is a function of the radius of the wheel 
( r ) and its angular velocity (a ) ) .  Also, if the vehicle motor and gearing parameters are known, as 
with the wheel or track characteristics, then slip can be determined (Wong, 2001). These can also 
determine the velocity of the contact surface with respect to the ground (V©.
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(a) (b)
Figure 21 -  Graphical representation for determining slip for a track and a rigid wheel (Wong,
2001).
The equations below show these simple relationships that will determine vehicle slip from 
empirical investigations and the theory is graphically represented in Figure 21.
V V V - Vi = 1  a- = l  rf
rco V V
Yl
V (33)
However, when experimentation is not possible or a predicted slip is desired, the process is 
somewhat more difficult. Wong proposed the following function of vehicle slip at low speeds:
k.l2 (34)
In the above slip function, jia is the surface adhesion (furthermore noted as Ca in this thesis), 
W  is the load on the contact area, kt is the tangential stiffness of contact material (wheel, track, 
plate, etc.). Consideration of adhesion as part of slip analysis is a reasonable expectation and 
Bekker notes that adhesion is responsible for the tractive forces developed between the soil and 
the loading area (Bekker, 1956). Bekker also goes on to express that adhesion between a vehicle 
contact area and a compressible soil can be determined as follows:
C = U  + 0.64
21
■cot'
(
tan(z) (35)
A  validated method for considering adhesion as a factor of slip is still the topic of investigation of 
numerous researchers.
3.2.I.3. Shear Deformation Modulus
Authors use various names and symbols to represent the shear deformation modulus. Upadhyaya 
(1994) uses kx to represent displacement at peak shear stress while Carrier (2006) uses K  to 
represent the coefficient of soil slip. Wong (2001) classifies K  (and I(J as the shear
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deformation parameter and Le uses K to represent the shear displacement slip modulus (Le, 
1999). In this thesis, k  will be further defined as the shear deformation modulus.
The shear deformation modulus represents the displacement of a particulate material under shear 
when the peak shearing stress is reached. Alternatively, if there is no peak, it can be found where 
the slope of the initial inclination of the stress line intersects a horizontal line at 95% of the 
maximum shear stress (Le, 1999). Figure 22a and Figure 22b show these conditions, respectively 
(Upadhyaya et al., 1994).
co
Figure 22 -  The determination of the shear deformation modulus from shear displacement, shear 
stress and normal stress (Upadhyaya etal., 1994).
In the first case (Figure 22a), the sample is overconsolidated and dilation occurs, which causes a 
peak in the yield loci/shear stress before it levels off at a lower critical shear stress. This would be 
caused by a the particles of a sample being conditioned (compressed and/or vibrated) into a 
highly compacted arrangement. In the second case (Figure 22b), the sample is underconsolidated 
and the shearing force causes a settling of the particles while progressing towards the critical 
shear stress. This would happen in a sample that has not been conditioned with the particles in a 
loose arrangement. The peak shearing stress is used in the determination of the shear deformation 
modulus, which is different from the determination of the angle of internal friction, which 
considers the critical shearing stress for soil trafficability prediction.
Wong notes that this value should vary from 1 cm in firm sand to 2.5 cm in loose sand with lower 
values for clay and higher values for fresh snow (Wong, 2001). Wong also notes that 
experimental results suggest that this may be a function of normal pressure, however this 
relationship has yet been investigated.
3 .2 .I .4 . Slip Sinkage
Slip not only has an effect on the forward tractive effort of a vehicle, but on its sinkage as well. 
As a vehicle slips in soil, some amount of the boundary soil between the contacting area and soil 
mass is sheared away during the slipping motion. This causes an additional sinkage of the vehicle
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in the soil. Bekker (1956) proposes that this additional slip-sinkage (z ;) is linear and noted as a 
function of the thickness of the boundary layer of the soil being sheared ( h )  as follows:
z, = 2hi (36)
In this approach, the boundary layer of the soil being sheared is considered 1.2 times the height 
of the grousers used on a track/wheel, or as a function of the contacting surface area to the soil. 
Other researchers, however, have more recently proposed that the slip-sinkage relationship is not 
linear (Wong, 2001; Richter et al, 2006).
3.2.I.5. Traditional Resistances
While soil thrust is defined as the level of tractive effort a plastically deformable soil can provide 
before collapse, there are many soil resistances to that soil thrust that will decrease the overall 
mobility of that vehicle. In traditional large-vehicle terramechanics, the most common of these 
resistances are caused due to compaction ( R c), bulldozing ( R b),  gravity ( R g) and rolling ( R r ).
Although similar methodologies are often considered in the categorisation of each of these 
resistances, there is sometimes confusion between authors as to whether a certain force should be 
classified as one resistance or another. In some of these cases, the differentiation is noted in each 
subsection below.
3.2.I.5.I. Compaction Resistance
As a vehicle sinks into a deformable soil, the soil in front of a rolling wheel/track is compacted. 
Bekker considers this to be rolling resistance (Bekker, 1956), but it will be considered here as 
compaction resistance. Patel notes that this compaction is considered the work per unit length in 
pressing a wheel into the soil and is a significant source of loss for a wheeled vehicle (Patel, 
2005; Bekker, 1956). This is directly related to the pressure-sinkage relationship expressed in 
Section 3.1.3.3. The compaction resistance is determined using the following relationship based 
on the Bernstein-Bekker pressure-sinkage methodology, for /V-wheeled and A-tracked vehicle, 
respectively (Bekker, 1956; Patel, 2005; Wong, 2001):
R c =  f  pbdz =  b p ( ^  +  k^Tdz = kz”dz = z0',+1 (37)
b f w  Y"+I)/"
Rc = f  Pbdz = J (3g)
The compaction resistance is considered differently for a tracked vehicle than a wheeled vehicle, 
and is much closer to the derivation of an elastic wheel in soil (due to the similar nature of the flat 
contact surface at the base).
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3.2.I.5.2. Bulldozing Resistance
Bulldozing resistance is the additional resistance caused by soil being displaced in front of a wide 
rolling wheel/track, above the nominal surface height of the soil. Bekker estimates this for a 
tracked vehicle as follows (Bekker, 1956):
& sin(q+^) I „  2„
* 2 s in a c o s ?  0 0 * K  (39>
Patel (2005) further details this equation for a wheeled vehicle as follows:
_ fesin( g  + f l (2 ,K)+ g r f ( 9 0 - ^ ) + ^ Y + , J 45 + ©
* 2 s in #  cos 0 0 0 c /0  yf 540 180 0 r ^ 2 )  (40)
Wilkinson and DeGennaro (2007) has a slight variation in this equation as noted below:
_  bsm(a+ t) ( , )+ ,^ 3(90rrf + , ( I
b 2 sin # co s^  0 0 c 0 rJ 540 180 0 r I, (41)
In the above equations, K c and K y are functions of the soil bearing capacity factors, initially
defined by Terzaghi and later applied to the universal soil moving equation, such that (Bekker, 
1956):
K c =  cos2 <ft{Nc -  tan (f ) (42)
r2N, ^
K  = cos <j> rtan^ + 1 (43)
Additionally, #  is the angle of approach of the wheel with diameter D  to the soil (which is 
estimated as #  = cos-1 ( l - 2z% ) )  and the rupture length lr (defined as lr = z0 tan2(45 — % ) )
Misrepresentation in the use of variables and the units they possess causes confusion in these 
equations. Patel has left out a third length value from the second term of the equation. Gravity (g) 
should not be included as it is already considered in the soil unit weight ( y ) ,  however in 
Wilkinson’s formulation the unit weight is considered pure density (with units kg/m3 instead of 
N/m3) and therefore gravity would be required. Using the nomenclature defined in this thesis, the 
formula should look as follows:
= W + (>)( +ci;tJ A5+£
b 2 s in # c o s0 0 0 c 0 r> 540 180 0 r ^ 2, (44)
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3 .2 .1 .5 .3 . G ravitational Resistance
Gravitational resistance is the additional resistance on a vehicle when traversing a slope of angle
9 . The gravitational resistance on each wheel of a vehicle traversing up a slope is defined as 
follows (Apostolopoulos, 2001):
R s = IV sin#  (45)
Certainly, trigonometry suggests that Apostolopoulos is considering the vertical force of gravity 
on the system. However, Keedwell (1984) considers the shearing force on an object on a slope to 
incorporate the friction angle of the soil as follows:
Rg = Wju cos 9 = W  tan (f) cos 9 
This horizontal application of gravitational resistance is shown graphically in Figure 23.
It should be noted that the gravitational resistance of a cross-hill slope (die vehicle is not driving 
up a hill, but across one) could also be a factor. A cross-hill slope will cause greater sinkage on 
the down-hill wheels/tracks of the vehicle due to uneven weight distribution, which will impact 
other resistances and tractive capability. Additionally, the forces on the sides of the wheels/tracks 
will have both a frictional and slipping effect on the vehicle. However, cross-hill resistance is not 
to be considered in this thesis.
3 .2 .I .5 .4 . Rolling R esistance
Rolling resistance is the resistance between the wheel and the contacting soil beneath it. 
Apostolopoulos (2001) considers this a very complicated derivation, determinable only through 
experimentation. However, he does propose the following simplification for the determination of 
rolling resistance:
Rr= F rW  (47)
In this equation, the coefficient of rolling resistance ( F r ) is required to be found experimentally. 
In its simplest form, this could be considered the rolling friction between the wheel/track and the 
contacting surface. However, in practice, Apostolopoulos notes that this coefficient is a function
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of many variables including: travelling speed, wheel slip, wheel material, inflation pressure, 
temperature, loading and soil type, to name but a few considerations.
3 .2 .I .5 .5 . O ther R esistances
Although the above resistances are the most significant impact to a traditional vehicle, other 
resistances can also be considered. Apostolopoulos proposes an obstacle resistance as a function 
of the adhesion of the wheel and obstacle surfaces, as well as obstacle height (Apostolopoulos,
2001). The dragging of a wheeled or tracked trailer or other non-powered dragging resistance can 
also be considered (Bekker, 1956). These, and other indirect or non-soil resistances, are out of the 
scope of this thesis and will not be further covered. However, it should be noted that any force 
that inhibits the forward motion of a vehicle due to the soil would be considered a trafficability 
resistance.
3.2.2. Mobility of Non-traditional Vehicles
As introduced in the previous section, the mobility of traditional vehicles has been the study of 
researchers and academics for decades. However, as society begins to develop further vehicle 
types and ever-smaller unmanned systems, traditional terramechanic theory does not necessarily 
apply in the same fashion. This section investigates these non-traditional vehicles including small 
wheeled and tracked vehicles, planetaiy systems and legged robots.
3 .2 .2 .I . Mobility of Sm all Vehicles
Bekker looked in depth at the problem of scale-model research for vehicle mobility (Bekker, 
1956). He proposed methodologies including the use of a Reynolds number-like approach to 
considering vehicle-soil interaction, as well as countless empirical studies to find a practical 
theoretical method to apply to the vehicle scaling problem. As part of this initial work, he 
expresses how model scaling works well in engineering areas such as structures and 
aerodynamics, but not necessarily for vehicle mobility (Bekker, 1956). Through statistical 
approaches to experimentation, some trends were found that worked under specific situations and 
specific soils, but a more universal theory was not determined. But even in this analysis, Bekker’s 
scale model vehicles were still reasonably large compared to today’s unmanned microrover-class 
vehicles. As the first mobile robots were only being developed around this time, the consideration 
of mobile robots for off-road application was not yet strong research area.
In 1994, work performed by Carrier suggested that the application of the classical Bekker theory 
to microrovers tended to yield an underestimation of a vehicle’s tractive capability (Carrier,
1994). Researchers have considered sometimes significant modification to existing vehicle 
performance theory in order to make it fit better to microrover experimental data
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(Apostolopoulos, 2001; Richter et al., 2006; Wilkinson and DeGennaro, 2007). In one example, 
Apostolopoulos (2001) derives different compaction resistance formulations for smaller wheels 
(both rigid and elastic) on soil. Utilising the diameter of the wheel ( D ) and the slope angle of the 
soil ( 6 ), these are determined as follows:
^3W  cos#
(rigid ) R c = V d
2n+22n+l
(3 -  n) 2n+l (n +  l)(fcc + bk^ )2,|+I
- t l  i! ± l
b " V "(1elastic) R =
(n  -I- l)(/cf + b k , f -  (49'1
w = -bMn). *  (50)
These are not significantly different from Bekker’s tlieory, but tend to yield more accurate results 
for smaller vehicle studies (Apostolopoulos, 2001).
Empirical results obtained by Richter et al. (2006) suggest that Bekker’s equations needed only 
minor adaptations to provide more accurate predictions of microrover mobility performance. 
Richter notes that Bekker’s formulation of the pressure-sinkage relationship for a wheel is soil is 
applicable provided that only small sinkages are considered. Therefore, a more applicable 
derivation is required. The following methodology was proposed and validated (Richter et al.,
2002):
rU ^ Zn 2(z0 -  z ) - D
0 2^ D {z 0 - z ) - { z 0 - z ) 7
In the above, A' (n) is an empirically defined constant of 0.35 for n in the range of 0.7-0.8 and is 
0.45 when n is 1.2 for the 4 kg Mobile Instrument Deployment Device (MIDD) nanorover 
wheels (Richter et al., 2006). Also, z is the instantaneous sinkage depth of the specific point 
being investigated between the surface ( z = 0 ) and the maximum depth ( z =  z0). It is expected, 
however, that this value would need to be updated for other vehicles based on wheel design and 
performance characteristics in soil. Similar investigations by Richter found that these 
modifications were not required for flexible wheels (Richter et al., 2002).
Richter has also proposed a more accurate slip-sinlcage model for small vehicles (Richter et al.,
2006). Instead of utilising the linear approach proposed by Bekker (Bekker, 1956), Richter 
proposes a slip-sinkage model that provided accurate results in experimental microrover trials as 
follows (Richter et al., 2006):
zt -  2 hv 2 J (51>
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This also more closely follows Wong’s non-linear findings for larger vehicle experimentation in 
sand and clay (Wong, 2001).
Modifications to existing large vehicle terramechanic modelling are required for the design and 
development of smaller vehicles, as shown above. This is especially true for application in 
locations where in-situ testing of hardware is not an option -  planetary environments.
3.2.2.2. Mobility of Planetary Vehicles
One area where the study of small vehicle terramechanics has significant importance is in the 
design of planetary vehicles. As expressed in Section 2.1.2, many robotic missions have been 
designed for planetary environments which have been successful and returned data useful to 
understanding the soil that they are designed to traverse. However, simulation and modelling of 
these microrovers on planetary surfaces is still in its infancy, as proposed microrover 
performance models tend to have varying levels of success.
The MER Opportunity rover became stuck in a sand drift in 2005 and was only able to break free 
after 9 stressful days of examination and testing by ground engineers (Johnson et al., 2006). More 
recently, the MER Spirit rover has spent several months stuck in the Martian regolith while 
engineers and scientists are utilising Earth-based empirical testing to find a way to free the 
vehicle (Webster, 2009). As it is not possible for humans to intervene and assist an immobile 
rover on another planet, understanding the performance of a microrover is important to improve 
mission success. However, even after 30 years of planetary vehicle mobility studies, problems 
such as this still occur.
During the early 1970’s, Melzer undertook significant analysis of the Lunar Roving Vehicle’s 
(LRV) mobility performance at the US A m y Engineer Waterways Experiment Station (WES) 
(Melzer, 1971). By formulating a lunar soil simulant based on earlier returned sample analysis, 
Melzer’s group was the first to highlight the importance and usefulness of mobility predictions 
for planetary rovers.
Further lunar simulation work was done by Carrier in the 1990’s based on previously returned 
lunar soil data (Carrier et al., 1991). Consideration of relative density of a soil, as well as other 
factors such as the effect of gravity and the pressure distribution of a vehicle on a planetary 
surface are also proposed (Carrier, 1986; Mitchell et a l,  1972). Proposals and simulation 
software developed at Carnegie Mellon University have also been utilised for proposed planetary 
rovers (Apostolopoulos, 2001).
In the past decade, some planetary robotics proposals have become reality. The first mobile rover 
to return scientific data regarding soil trafficability on Martian soil was the Sojourner rover, as
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part of the Pathfinder mission (The Rover team, 1997a). Beforehand, the Viking missions 
returned some soil sample data that was analysed with their onboard scientific instruments which 
was useful in the design of the Sojourner rover, especially with wheel designs. Since then, 
significantly more soil data has been returned by NAS A ’s M E R  and Phoenix missions, each of 
which benefiting the designs of future missions. In ESA’s current ExoMars rover mission 
planning, significant research has gone into the study of the mobility of various chassis models 
and the flexible wheel designs that may be used (Ellery et al, 2004a). Both through custom- 
designed simulation software and through empirical investigations, the expected response of 
microrovers in planetary soils is becoming better understood. However, when problems such as 
Spirit and Opportunity have experienced continue to happen today, there is still significant gaps 
in this knowledge that future research must fill.
3 .2 .2 .3 . Mobility of Legged Vehicles
The mobility of a legged vehicle (either large scale or micro-vehicle) has only briefly been 
examined in previous research. Bekker (1962) makes general comparisons between wheeled, 
tracked and legged locomotion, as shown graphically in Figure 24. Todd (1985) expresses how 
little work has been done to investigate soil mechanics of legged locomotion. Todd expresses 
how drawbar pull is applicable to legged vehicles, but, like many others who have investigated 
legged locomotion in rough terrain, he does not go into any detail as to how this is achievable for 
a legged vehicle beyond expressing the existing wheeled and tracked vehicle equations developed 
initially by Bekker. However, he does not consider any changes to basic Bekker theory, which is 
not fully applicable to legged vehicles beyond the pressure-sinkage relationship.
/
/
/ /
Figure 24 -  Similarities between wheeled, tracked and legged locomotion regarding ground contact
pressure (Bekker, 1962)
Another variation of legged locomotion that has been studied is wheel-legged vehicles. These 
vehicles have a one degree of freedom leg that full rotates a leg shaft to provide motion across 
complex terrains (Saranli et al, 2001; Schroer et al, 2004; Maza et al, 1997). This methodology
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is significantly easier to implement than true legged locomotion (especially from stepping and 
gait control perspectives), but each leg is essentially a wheel with large spokes/grousers attached 
to the outer diameter. Additionally, in most cases, there is little or no tenamechanic 
investigations regarding legged or wheel-legged vehicles. One of the few exceptions to this is the 
investigation of soil thrust gained at varying angles of impact of a rotating leg spoke, but the 
focus was only on traction, not on the determination of soil thrust based on soil properties or 
“leg” slip (Maza et al,  1997).
Another example of tenamechanic studies of legged vehicles includes the Ambler legged rover 
(Krotkov, 1990). Ambler could lift its legs vertically and then vertically place them in soil. This 
would allow for the measuring of the sinkage into the soil and knowing the pressure applied to 
the footprint would allow each step to be a pressure-sinkage experiment in itself (Krotkov et a l,
1995). However, at 2.5 tonnes, the vehicle is far outside the range of microrover terramechanics. 
Other vehicles, such as Dante II were designed for complex environments (Bares and 
Wettergreen D.S., 1999). This frame walking robot could lift 4 of its 8 legs at a time with each 
step, then shift the body frame before setting down the 4 leg frame again. This vehicle was 
designed for complex terrain as well, but tipped over when investigating a crater as part of a test 
for NASA and had to be rescued by humans. This vehicle was not designed for soil mechanic 
investigations or capability therein, but instead for rough/rocky terrain.
Work at both MIT and NASA Stennis have partially approached this topic through investigation 
of digging techniques for small robotic excavators (Hong, 2001; Wilkinson and DeGennaro,
2007). Their investigations looks at compressible soils and microrover soil displacement, but not 
applied to microrover locomotion. Additionally, soil density variation is only briefly mentioned 
in the MIT report, which leaves open the need for a more detailed investigation into this area 
especially when considered for small vehicle locomotion. To date, investigation into the specifics 
of legged vehicle mobility has been almost non-existent.
3.2.3. T e r r a m e c h a n i c s  Simulation
There have been many software tools developed over time for use in predicting vehicle mobility 
performance in various soils. The most notable and original of the packages was the NATO 
Reference Mobility Model (NRMM) designed from experimental work done at the US Army 
Engineer Waterways Experiment Station (Jurkat et a l,  1979). Specifically designed for large 
military vehicles, the NRMM focused on vehicle selection based on four primary considerations 
in various soils (Patel, 2005):
• Maximum speed and turning radius
• Traction for overcoming resistive forces to motion
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•  Vehicle manoeuvrability for obstacle avoidance
• Ride comfort
The NRMM has only slightly been updated over the years, but has been the baseline for many 
other field uses (Lessem et al., 1997) and further software designs such as the Standard Mobility 
(STNDMob) Application Programming Interface (API) (Baylot et al,  2005). Many additional 
simulation software packages, such as Wong’s Nepean Tracked Vehicle Performance Model 
(NTVPM), have been designed since with the focus on large tracked and wheeled vehicles 
(Wong, 1986). However, these simulation packages (similarly to Bekker theory itself) have 
significant limitations when considering small wheeled and tracked vehicles.
In recent years, some simulation software has been developed for the determination of small 
vehicle mobility in soil. The Locomotion Synthesis tool (LocSyn) was developed at Carnegie 
Mellon University to optimise a vehicle’s configuration parameters (number and size of wheels, 
geometry of chassis, method of steering, etc) (Apostolopoulos, 2001). LocSyn, like all other 
simulation models, uses traditional terramechanic methods for analysis. However, the Soil 
Contact Model (SCM) developed at the German Space Agency (DLR) utilises Digital Elevation 
Modelling (DEM) to determine microrover wheel performance in soil (Krenn and Hirzinger,
2008).
The University of Surrey has been actively involved in rover mobility analysis for a number of 
years. During this time, the Space Robotics Research Group has developed several in-house 
software tools for evaluating the surface trafficability for planetaiy rovers (Scott et a l,  2008a). 
Published in 2005 as part of an ESA study, the Rover Chassis Evaluation Tool (RCET) was the 
first predictive mobility modelling software package produced at the Surrey Space Centre (Patel, 
2005). The primary component of RCET was the Rover Performance Evaluation Tool (RPET) 
which was based on a compound of classic and adapted Bekker theory, soil physical property 
simulation and known planetary rock distributions. RPET has two primary capabilities:
• Rover Mobility Performance Evaluation Tool (RMPET) -  computes vehicle mobility 
system parameters using Bekker theory and mean free path (Bekker, 1956; 
Golombek and Rapp, 1997; Apostolopoulos, 2001)
• Mobility Synthesis (MobSyn) -  computes the structural dimensions of a vehicle 
based on the desired mobility performance, based on the locomotion synthesis 
developed by Apostolopoulos (Patel, 2005)
The second part of RCET is the Rover Generator (RoverGen), a front end for interface for 
SolidWorks that designs a rover chassis based on the desired parameter inputs from RPET (Patel, 
2005). Other publications express in more detail the capabilities of RCET and RPET (Patel et al,
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2004; Michaud et al, 2006), which has proven to attract significant interest within the planetary 
robotics community, with the system now being used on an international level.
Following on from RPET, the Rapid Mobility Performance Predictor (RaMPP) has been 
developed at the University of Surrey for wheeled and tracked micro-rovers. This graphical user 
interface-based tool can be used to predict a rover’s performance on planetary soils. RaMPP is 
designed to facilitate the quick and accurate prediction of vehicle mobility performance for users 
who either have or have not had significant prior exposure to terramechanics practices. RaMPP’s 
computational algorithm has been developed for use with both large and small scale rovers alike, 
taking steps towards more accurate predictions of micro-rover mobility performance (Meirion- 
Griffith, 2008).
3.2.4. T e r r a m e c h a n i c s  S u m m a r y
From the onset of off-road vehicle mobility prediction, steps forward have been made towards 
extending soil mechanics models to include vehicle interaction. Extrapolation and modification 
of these models for small vehicles have had varied success, both due to uncertainties in detailed 
soil parameter understanding and small vehicle dynamics. To date, no models have been 
proposed for legged vehicle mobility, which leaves room for unique contributions in the research 
area of vehicle performance prediction. Further details of these inconsistencies and gaps in 
knowledge are expressed in the following section.
3.3. Inconsistencies in Vehicle Mobility Studies
In the first two sections of Chapter 3, an introduction to soil mechanics and terramechanics was 
completed. Throughout these sections, some gaps in the understanding of how soil responds 
under various situations have been expressed. This third section will summarise the primary 
inconsistencies in these areas and what issues will need to be addressed to improve the accuracy 
of non-traditional (and traditional) vehicle mobility modelling.
3.3.1. Soil Density Considerations
Instead of looking solely at the performance metrics of microrover class vehicles, the author has 
chosen to investigate the determination of the accepted soil properties used in microrover 
performance. One significant consideration must focus on the preparation of the soil, specifically 
relative density of the soil samples, which will lead to the determination of one of the core 
properties in nearly every vehicle performance equation: the internal friction angle.
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Researchers have found that the density of lunar soil at the surface may be less than 1 g/cm3 and 
as high as 2 g/cm3 at the shallow depth of just a few centimetres (Mitchell et al., 1972). Carrier 
(2006) also expresses that for planetary soils, the density is the most important factor affecting 
the behaviour of the soil. He proposes that a density ratio (D R) be considered as a function of the 
current (/?), maximum (pmax) and minimum (pmin) densities (as well as volumes (v) or unit 
weights (7 )) of a soil as follows (Atkinson and Bransby, 1978):
JP _ /Lax P P \xj\w  Yiax  ^   /max 7 7min
P  0  — P  ■ V — V -  Y  Y  — Y  ■ ( 52 )r '  r  max r  mm max mm / / max / mm
Carrier expresses how at the surface, lunar soil has a relative density of approximately 30%, 
while 10-20 cm below the surface, the relative density is as high as 90% (Carrier, 2006). 
Certainly this methodology is valid for terrestrial terrains and is usually classified in terms of 
void ratio. Holtz (Holtz, 1973) summarises other author’s perspectives on classification of 
relative density terms in Table 1.
Table 1 -  Various terms used to describe the state of denseness (Holtz, 1973)
Rel. Den. % 0 10 20 30 40 50 60 70 80 90 100
| |
USBR VeryLoose Loose Medium Dense
Very
Dense
Birmister Loose Medium Compact VeryCom.
Meyerhoff Very Loose Loose Compact Dense Very Dense
Hough Loose Firm Compact VeryCompact
Tschebotarioff 
Plummer and 
Dore
Loose Medium Dense
It can be considered then, that as higher normal stresses are applied to a fixed volume of a loosely 
packed soil, the soil is compressed and the empty spaces between soil particles are eliminated, 
and it becomes more densely packed. This is due to the particles shifting to fill this void space 
(and sometimes fracturing into smaller particles). In some cases, such as for new fallen snow, a 
heavy load would significantly deform the terrain, while a light load may only slightly deform the 
terrain. Similarly for vehicles with a small mass on loosely compacted soils, the surface soil may 
only be partially compressed under the vehicle load, possibly not even close to its maximum 
density.
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The porosity (Ps) of a soil is the relationship between the density of the soil particulates 
themselves and the overall dry bulk density (yd) of a volume of the material. This is represented 
as follows:
P. =1 — rd
density of soil grains (53)
For most mineral soils, the density of individual soil grains ranges from 2.55 to 2.70 g/cm3, 
though when specific information is not available, it is assumed to be 2.65 g/cm3 (Upadhyaya et 
al., 1994). The voids ratio (e ) of a soil relates to porosity and is the ratio of the volume of tire 
open spaces within the soil (vv) to the volume of the solid material (vQ, as shown in the 
equation below (Atkinson and Bransby, 1978):
e = ^  = - U -  v. 1-P (54)
Combining the above equations shows that void ratio is inversely proportional to bulk density, 
due to the reduction of gaps between the particles in the bulk material. Void ratio is also reduced 
as applied pressure to a volume of soil is increased. This relationship is shown for a wet granular 
soil in Figure 25.
V o i d  R a t io  (e )
Applied Normal Stress (a) [bar]
Figure 25 -  The comparison of void ratio vs. applied stress shows how void ratio reduces under
higher stresses (Upadhyaya et a l , 1994)
As shown above, the consideration of the density of a soil, or the voids therein, when testing for 
mechanical soil properties may be an important factor, due to the relationship between density 
and the voids in a soil. This thesis will investigate the consideration of the relative density of 
prepared samples when validating the soil properties as inputs to microrover mobility theoiy.
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3.3.2. Soil Prope r t y  Dete r m i n a t i o n
As introduced in Section 3.1.2, the friction angle and cohesion of a compressible soil can be 
found through various methods. Traditionally, in these tests, high normal stresses are applied to 
the soils to determine the strength of the soil under these loads. Specifically, this is considered for 
buildings, bridges and other large scale structures. It is also transferrable to large vehicles such as 
military and farm machinery. However, as shown in the previous section, the density of a soil is 
directly affected by not only its natural state, but the contacting surface pressure being applied to 
the soil.
Classical and steady state soil mechanics expresses that the friction angle and cohesion of a soil 
changes depending on various factors (Atkinson and Bransby, 1978). Certainly water content has 
a significant effect on cohesion, but also has an effect oil friction angle. Beyond water content, 
the void ratio and density of a soil has an effect on some soils. The variation of friction angle in a 
specific material under various void ratios and water/air contents is shown in Figure 26.
40  30 20 10
Figure 26 -  The effect of friction angle due to porosity, percent air and percent water in a soil sample
(Upadhyaya et a l 1994)
Additionally, the Mohr’s circle plot changes for a loosely packed compressible soil compared to 
densely packed compressible soil (ICeedwell, 1984). More densely compacted samples tend to 
cause larger Mohr’s circles, thereby leading to higher friction angles. Figure 27 shows this 
variation in the friction angle for dense ((f)d) and loose ((f),) compressible soils.
Figure 27 -  Mohr’s circle plots to find the effective angle of internal friction in a compressible soil 
under loosely packed and densely packed conditions.
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From the Mohr’s circle plot, it is shown that friction angle would tend to increase as a soil is 
tested under more dense conditions. This would certainly have an effect on vehicle performance 
for a vehicle traversing dense or loose soils. Further consideration of this relationship can be seen 
when comparing friction angle to void ratio (or porosity) based on the relationship shown in the 
previous section. Mitchell found that there is a relationship between friction angle and lunar soil 
simulant compaction (Mitchell et al., 1972). This is shown in Figure 28.
Additionally, critical state soil mechanics theory expresses how friction angle also changes under 
varying normal pressures (Atkinson and Bransby, 1978). As known from previous definitions, 
the cohesion of a material can be found as the intersection of the Mohr’s circle line with the y- 
axis. As the normal pressure (effective stress) falls closer to zero, the y-intercept gets closer to 
zero as well. This means that the friction angle of the material seems to increase.
P o ro s ity  (Ps) [% ]
l / o ,w h e re  e = void r a t io - n / ( l- n )
Figure 28 -  Internal friction angle vs. void ratio for Lunar soil simulant of crushed basalt (Mitchell
etal, 1972)
This lineai* relationship, which exists at higher normal pressures, is in fact not linear at all, 
especially at low normal pressures. The result is somewhat parabolic, with a high slope near zero 
with the slope levelling off to near-linear as normal pressure increases. Figure 29 shows this 
relationship for low normal pressures (Atkinson and Bransby, 1978).
Figure 29 -  Mohr’s circle plot comparing the variation in instantaneous angle of internal friction and 
cohesion under low and high normal pressure conditions.
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Therefore, the friction angle, specifically, will be different for low sinkages into loosely packed 
soils than at a higher sinkage there the soil is more compressed. This could also be an explanation 
for why large vehicles (such as tanks and farm machinery) are more accurately modelled in 
existing soil mechanic theory. They would compress the soil to a high enough level that the 
internal friction angle is related to a higher density packed soil, similar to the conditions under 
which soils are traditionally tested when determining their properties. The above relationships 
show that traditional soil property determination is not necessarily the appropriate way to test for 
the properties of soil under low contact pressures, or under the low relative densities that are 
found in planetary surface soils.
It has been shown that the void ratio of a soil changes under compression. It was also shown that 
the void ratio has an effect on the porosity/density of the soil, as was the variation of the density 
of a soil having an effect on the mechanical soil properties such as friction angle. Extrapolating 
from the above, varying the applied normal stress on a soil will affect the friction angle, which 
will, in turn, effect the prediction of a vehicle’s mobility in that soil. This thesis will investigate 
these variations in the mechanical soil properties of compressible soils and propose 
methodologies for more accurate applicability for lightweight planetaiy rovers.
3.3.3. L e g g e d  L o c o m o t i o n
Further to Section 3.2.2, it has been shown that the study of legged vehicle performance 
prediction is mostly non-existent. For existing legged vehicle research that has been conducted 
over time, the consideration of their tractive capability has not yet been addressed. Similarities 
can be found in tracked locomotion as a potential baseline for the footprint of a stepping leg, but 
validation therein has not been conducted. Consideration of digging forces from excavators may 
address some of the forces that a leg shaft may find when traversing soil, but investigations have 
not taken place to determine this relationship. The frictional forces on the sides of a stepping leg 
as well as the normal forces on the sides of a leg when pushing a robot forward over the ground 
do not currently exist in any form. This thesis will introduce a new methodology for estimating 
the soil forces on a robotic leg and a simulation model to predict legged vehicle mobility.
3.4. Chapter Summary
hi this chapter, a history of the understanding of soil mechanics and terramechanics was 
introduced. This included by an overview of the classifications of varying soil types and their 
mechanical properties. Then, the forces that affect soil during displacement were introduced. This 
led to the introduction of traditional theory used to predict the mobility of large vehicles, such as 
tanks and farm machinery. However, it has been shown that traditional theory is not necessarily 
valid for smaller vehicles, and this chapter then provided a discussion of how researchers have
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proposed methodologies to modify existing theory to make it better fit the experimental data 
found with significantly smaller vehicles.
A  new perspective for why this difference exists was proposed. This rationale involves the 
realisation that the generally accepted mechanical properties of soil, specifically the internal 
friction angle, are usually determined for civil engineering practices, such as supporting 
extremely heavy structures such as buildings and bridges. Most considerations of vehicle 
terramechanics (wheeled, tracked or legged) do not consider the density of the soil as a factor for 
soil trafficability. The consideration of a different approach for determining the mechanical 
properties of low density surface soils and the soil trafficability for microrovers in low density 
soils is suggested.
Additionally, never before has there been an attempt to classify legged vehicle performance 
using, not just existing pressure-sinkage relationships, but also retaining wall and blade theory. 
The equations for determining the tractive capability of a legged vehicle will be proposed in 
upcoming chapters and will be compared to experimental data in the following chapters.
Each of these gaps in the understanding of microrover and legged vehicle mobility will be 
addressed in the following chapters of this thesis. New approaches to consider each of these areas 
will be proposed and mathematical models will be validated against experimental results.
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4. Proposal of Martian Soil 
Simulants
Chapter 4 proposes two new planetary soil simulants, as well as the structural and mechanical 
properties of each. The first is a quartz mineral sand while the second is a garnet mineral sand. 
Existing approaches to testing the mechanical proprieties of soil are incorporated, as well as 
modified approaches to consider the variation in the density of the prepared samples. 
Additionally, various analysis procedures of the raw data are considered to highlight the variation 
range in the resulting soil properties. Projection of this effect for vehicle mobility is also 
considered.
4.1. Soil Selection and Classification
Before classifying the materials utilised in this investigation, a clarification in terminology must 
be introduced. The material found on the surface layer of planetary surfaces is called regolith, 
which is primarily made up of inorganic, loose granular- materials. Soil, however, is a 
pedogenetic term reserved for Earth, and requires chemical, mineralogical and structural 
modifications induced by intense biological activity (Seiferlin et al., 2008). Consideration of 
planetary surfaces as “soils” is generally accepted, but is not technically accurate. Throughout 
this thesis, the terms “regolith” and “soil” are regularly interchanged, though it should be 
recognised that actual planetary surface material is not considered a “soil”.
Several materials were selected for the experimental work performed in this thesis. Specifically, 
the focus is on dry compressible soils and, therefore, clayey soils were neglected from this study. 
This is due to many previous studies that consider the soils of the moon and Mars to have low 
cohesion. Additionally, these soils were selected as they are expected to follow the guidelines set 
aside at the Workshop on Production and Uses of Simulated Lunar Materials (Carrier et al, 
1991; Kieffer et al, 1992; Seiferlin et al, 2008) in that “any material manufactured from natural 
or synthetic terrestrial or meteoritic components for the purpose of simulating one or more 
physical and/or chemical properties of a (hinar) rock or soil” can be classified as a simulant. 
Therefore, the selection of fine-grained, rough granular materials was considered, similar to what 
would be found on the Martian surface. Utilisation of existing planetary soil simulants was 
considered, however these were deemed to be cost prohibitive for these experiments. Instead, the 
use of other specific particulate material was considered. The following sections classify the 
properties of these simulants.
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4.1.1. S S C  M a r s  S i m u l a n t  1 -  Q u a r t z - b a s e d  S a n d
The initial material selected for this trafficability study was a quartz-based sand, herein called 
SSC Mars Simulant 1 (SSC-1). Quartz sand is genetically considered a reasonable simulant for 
planetary surfaces, either on its own or as part of a soil compound, and has been used in many 
previous studies of microrover mobility oil compressible soils (Richter and Hamacher, 1999; 
Hutangkabodee et al, 2006; Seiferlin et al, 2008).
Greater than one metric tonne of this sand was procured from a local building supply warehouse. 
The material was dried over time in a low-humidity room and sieved to 1.3 mm, where all 
materials greater than this size were removed from the sample. The remaining sand was stored in 
clean 205 litre steel drums. A  5 kg sample was extracted for low-quantity experimental work, 
such as direct shear testing, moisture content analysis and density investigations.
The full particle distribution was then determined for the SSC-1 sample by sieving three random 
samples of varying masses through a vibratory sieving system. The sample masses were 1173 
grams, 744 grams and 427 grams. The samples were filtered through sieves of the following sizes 
(all in millimetres): 0.6, 0.425, 0.30, 0.150 and 0.063. Table 2 shows the percentage breakdown 
of each run conducted for determining the particle distribution characteristics of the sand.
Table 2 -  The particulate classification from sieving tests performed on SSC-1 simulant.
Sieve
[mm]
Total weight retained [%] Cumulative weight retained [%] %
passingRun 1 Run 2 Run 3 Mean Run 1 Run 2 Run 3 Mean
0.600 2.97 3.26 2.93 3.05 2.97 3.26 2.93 3.05 96.95
0.425 7.18 9.26 6.17 7.54 10.15 12.52 9.10 10.59 89.41
0.300 29.97 31.04 25.90 28.97 40.13 43.56 35.00 39.56 60.44
0.150 46.43 40.05 45.42 43.97 86.56 83.61 80.42 83.53 16.47
0.063 12.55 15.11 17.85 15.17 99.11 98.72 98.28 98.70 1.30
Base 0.89 1.28 1.72 1.30 100 100 100 100 0
Total 100 100 100 100
Taylor expresses how the classification of sand can be done through the use of sieve numbers 
(Taylor, 1948). Coarse sand is retained by a 28-mesh sieve (-0.620 mm), medium sand is 
retained between a 28-mesh and 65-mesh sieve (-0.250 mm), and fine sand is limited between a 
65-mesh and 200-mesh sieve (-0.075 mm). Taylor classifies “dirty” sand as that which includes 
even finer particulate that creates dust when shaken. SSC-1 would fall under the classification of 
a fine, dirty quartz sand. This soil compares well with the particle sizes found by the Spirit 
rover’s Microscopic Imager with particle sizes ranging from 1 m m  to below 35 micron.
Utilising the above data, the particle distribution of the percentage of each particulate size 
passing through each sieve can be plotted as shown in Figure 30.
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Figure 30 -  Particle distribution of SSC-1 quartz-based sand on log scale.
In addition to the size distribution, further information about the particulate make-up can be 
examined such as particle surface characteristics. A Bausch and Lomb microscope was used to 
obtain a closer look at the surface make-up of the SSC-1 particles. A Motic Moticam 2000 digital 
camera was connected to the microscope to capture the images. To have a closer look at the 
variation due to grain size, the SSC-1 was sieved and the particulate larger than 600 micron was 
viewed. Additionally, SSC-1 particulate that was sieved through a 63 micron screen was also 
imaged. Figure 31a shows a close-up of a 321 by 346 micron SSC-1 particle and Figure 31b 
shows a scattering of smaller SSC-1 particles. Larger images of the SSC-1 simulant particles with 
particle dimensions are included in Appendix D.l.
Figure 31 -  Digitally captured microscope images of a) large and b) small grains of SSC-1 simulant.
The surface structure of the larger particle is sub-rounded to rounded, with minimal surface 
pitting. This surface pitting would allow for moisture to be held on the surface on the particle, 
adding to the cohesion of the material. This shows that there should be very little capture of 
moisture on the particle.
The smaller particles shapes are significantly more varied. Most tend to be sub-angular, though 
there are many that are angular and jagged. These are expected to be fractures from larger
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particles that have broken down over time, but have not yet been rounded and smoothed like the 
majority. The surfaces of these particles are also more pitted, allowing them to hold some 
moisture on then' surface.
4.1.2. S S C  M a r s  S i m u l a n t  2  -  C r u s h e d  G a r n e t  S a n d
The second particulate material utilised in this research is a crushed garnet mineral, also known 
as almandite, and herein called SSC Mars Simulant 2 (SSC-2). Initially, this was selected in large 
grain form between 30 and 60 mesh (filtered to 250-600 microns) as this material was intended 
for use in a clean lab where dust-free conditions were important. However, further investigation 
revealed that there was greater importance to study the finer grained version of this material in 
order to more greatly vary the density during the experimentation, as well as to provide a more 
accurate planetary simulant.
Supplied by the GMA Garnet Group, a regional distributor for GMA Australian Garnet UK, two 
metric tonnes of GMA 350 fine-grained garnet was procured for experimental work. Initially 
delivered in 25 kg bags, this material was dried and stored in 205 litre steel drums. A 5 kg sample 
was extracted for low-quantity experimental work, such as direct shear testing, moisture content 
analysis and density investigations.
The full particle distribution was unable to be verified in-house due to the need for very fine 
mesh sieving equipment that was not available in the laboratory. However, a detailed 
specification sheet was supplied by the company expressing chemical composition, bulk density, 
particle distribution and many other properties of the soil (GMA Garnet, 2009a). The full 
specification sheet can be found in Appendix C.4 while a summary of the particle distribution 
characteristics is shown in Table 3.
Table 3 -  The particulate classification from sieving specifications for SSC-2 simulant.
Sieve
[mm]
Cumulative Weight 
Retained [%]
%
passing
0.090 1 99
0.075 5 95
0.063 25 75
0.053 50 50
0.045 75 25
Base
o©i-rf 0
Following the classification of particulate material defined above by Taylor, SSC-2 would be 
classified as a fine, dirty garnet sand. Alternatively, soils that are entirely smaller in grain size 
than 0.060 mm are classified as silts (Taylor, 1948). Since SSC-2 sits right on this boundary of 
silt and sand classification, the dirty sand consideration still holds valid, though some silt-like 
mechanical response could be expected during testing. Although large areas of the Martian
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surface are not wholly consisting of particles this small, the surface dust on Mars and the ripples 
on the floor of Eagle crater consist of particles nearing this size range (50-125 micron) (Sullivan 
et al., 2005). Utilising the above data, the particle distribution of the percentage of each 
particulate size passing through each sieve can be plotted as shown in Figure 32.
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Figure 32 -  Particle distribution of SSC-2 simulant on log scale.
In addition to particle size distribution, the specification sheet notes that the grains are angular- 
sharp. The specification sheet for the larger particulate GMA garnet (GMA Garnet, 2009b) notes 
that their fine particulate material is angular to sharp, while their larger particulate material is 
classified as sub-angular.
The Bausch and Lomb microscope was again used to obtain a closer look at the surface make-up 
of the SSC-2 particles and the images captured by the Motic Moticam 2000 digital camera. 
Figure 33a shows a close-up of a 321 by 346 micron SSC-1 particle and Figure 31b shows a 
scattering of smaller SSC-1 particles. Larger images of the SSC-1 simulant particles with particle 
dimensions are included in Appendix D.2. Figure 33a shows a close-up of the surface structure of 
the SSC-2 particles while Figure 33b shows a scattered field of SSC-2 particles.
Figure 33 -  Digitally captured microscope images of SSC-2 simulant at a) lOx and b) 4x
magnification.
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In conjunction to the specification sheet, these fine particles observed under the microscope tend 
to be angular to sharp in most cases. When comparing the surface structure to larger particulate 
garnet, the larger particles tend to be angular to sub-rounded, a close-up of which can found in 
Appendix D.2. Further on the structure of the SSC-2, the particulate surfaces tend to be 
somewhat pitted, but with larger (and somewhat linear) pitting compared to the smaller surface 
pits as noticed in the SSC-1. However, as these particles are significantly finer than the SSC-1 
particles where pitting was observed, it would be expected that some moisture collection could 
happen within SSC-2, which could raise the attraction between the particles. Additionally, the 
extremely small particle size would be expected to have some electrostatic charging that would 
also attract the particles to each other in a sample. This will be investigated further in this 
chapter.
In comparing the two simulants, by way of the variation in their size distribution, it is shown that 
the SSC-1 is a significantly more coarse material than the SSC-2. The SSC-1 simulant also varies 
by more than a factor of 10 in the size range between the smallest and the largest particles, while 
the SSC-2 has a much smaller range. Figure 34 compares the particle size distribution charts of 
the two simulants.
SSC-1 and SSC-2 Particle Size Distribution
Sieve mesh size [mm]
Figure 34 -  Size distribution comparison between SSC-1 and SSC-2 simulants.
Following the classification and determination of the surface characteristics of the simulant 
particles themselves, and investigation into the mechanical properties of the soils is required. 
Before this testing can begin, assurance that the use of dry materials must be gained.
4.2. Moisture Content Testing
The moisture content of a particulate material is an essential factor when performing tests. As 
introduced in Section 3.1.2, soil properties, especially cohesion, will be significantly affected due 
to its moisture content. Moisture within a compressible soil will create inter-particle attraction
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that will affect the shearing strength of a soil. Therefore, the tests performed on SSC-1 and SSC-2 
in this thesis must be done at minimal moisture content to ensure the cohesive effect of moisture 
is negated from the study.
The moisture content of the tested materials was determined to ensure it was dry through the 
utilisation of the American Society for Testing and Materials (ASTM) D2216-05 standard 
(ASTM, 2005). To do so, the initial wet weight ( Ww) and oven-baked dry weight (W d) are 
measured and the following equation was used to determine the moisture content of material x 
( M  x) as a percentage (ASTM, 2000b):
M  = W 100 (55)
A quantity of 847.10 grams of SSC-1 and 1629.25 grams of SSC-2 were oven-baked separately 
at 110 °C. The mass of the sample was measured after 48 hours and is shown in Table 4. The 
samples were baked for another 48 hours after this test, but the mass difference was less than the 
tolerance of the scale (0.05 grams).
Table 4 -  Moisture content of SSC-1 and SSC-2 simulants.
SSC-1 SSC-2
Initial Wet Mass [g] 847.10 1629.25
Mass After 48 Hours [g] 846.62 1628.65
Moisture Content 0.06% 0.04%
As the entire mass of SSC-1 and SSC-2 were both pre-dried before the tests in the open air of a 
low humidity laboratory, it was expected that the moisture content for both would be very low. 
The materials are constantly stored in air-tight containers when not undergoing testing, and all 
tests were done in low humidity conditions. Having a moisture content of less than 1% for each 
of the materials is low enough to have negligible cohesive effect on the direct shear and pressure- 
sinkage tests. Therefore the samples are considered dry for all of the following experiments.
4.3. Density Testing
One of the key areas of investigation of this research is the effect of variations in density of the 
soil on the performance characteristics of a legged vehicle. The compressible soils used in this 
research can be arranged in samples of varying relative densities between the maximum level of 
compaction to the greatest void ratio achievable in the soil (thereby the minimum natural level of 
compaction). Therefore, a methodology for creating samples at varying relative densities is 
essential. Similarly, testing and validating these varying densities is also important. The
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following sections will introduce the hardware that was used to create low density soil samples, 
as well as the tests that were utilised for determining the density of these samples.
4.3.1. M i n i m u m  Density
To determine the minimum relative density of both SSC-1 and SSC-2 simulants, the ASTM 
D4254-00 standards were followed (ASTM, 2000a). One minor modification to the procedure 
was made in that a one litre cylinder was used instead of a two litre cylinder for volumetric 
determination. Tests were run at least three times each at three different masses of soil (500, 700 
and 1000 grams) to determine the average minimum relative density of each material. The results 
are summarised in Table 5.
Table 5 -  Average minimum relative density for SSC-1 and SSC-2 simulants.
SSC-1 SSC-2
Average Density [kg/m3] 1383.5 1948.7
Standard Deviation 14.0 13.5
Relative Density 0% 0%
These results show that the average minimum relative density is 1383.5 kg/m3 for SSC-1 and 
1948.7 kg/m3 for SSC-2. In comparison to previously published data for dry sand, this is only 
slightly lower than the density that many publications consider.
4.3.2. In-situ Density
4.3.2.1. Sample Preparation
The in-situ density of each sample needed to be determined before shear testing could 
commence. Samples were to be prepared in a low density form and in a high density form, 
allowing for a strong contrast between shear strength testing in the following experiments. The 
creation of each sample type is described in die sections below.
4.3.2.1.1. Low Density Sample Creation -- Raining Device
In order to vary the density of a soil sample, a technique to create low density soil samples was 
required. In the case of sands and soils, a pluviation or “raining” device can be used to drop
particulate from a specified height so that it lightly covers the testing area. This term is symbolic
to natural raining of water on Earth, but applied to particulate materials. Bica points out that there 
are 3 primary techniques used when raining sands (Bica, 1991):
1) Raining sand over the whole specimen
2) Raining sand in the shape of a curtain
3) Raining sand in the shape of a column
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Each of these methods was initially investigated for use in the experimental testing in this thesis. 
The most accurate and repeatable results were found from the second method: creating a curtain 
of sand and sliding that curtain across the testing area. Raining tests over the full specimen, as 
with the column raining method, were unable to reliably create small quantity samples for 
experimental testing. Therefore, the curtain raining method was selected for the initial low 
density sample preparation. Further to providing the most repeatable results, this method has 
heritage at the University of Surrey (Clayton et a l, 1994). Differing from Bica’s raining device, 
which used an air activated hopper to push sand into a curtain when ejected from the hopper, a 
simple gravity-assisted curtain was utilised in this work. As such, two raining devices were 
designed and built, the first of which is introduced below.
A small raining device was designed to fill the direct shear box in order to vary the density of the 
material during sample preparation. With a base of 15 cm x 20 cm and 10 cm high, the device 
can hold enough material to fill the shear box after several passes. The material passes through an 
adjustable slit at the bottom of the device. This slit is adjustable via a 10 cm long M10 screw 
which slides the base plate backwards to increase the opening distance of the slit as desired up to 
2 cm. Figure 35 shows a schematic of the side and top views of the device.
Bica expresses how soil density through a curtain-based raining device increases as height 
increases and decreases while slit width increases. Not only would the raining height have an 
effect on the packing density, but also the flow rate of the material would have an effect, either 
from the slit of the raining device or when being poured from the glass beaker. As the flow rate 
increases, the impact force of the material into the shear box would also increase, which would 
increase the packing density. However, increased material flow also increases the aeration of the 
material thereby lowering the compaction. Therefore, both impact height and flow rate influence 
packing density of these materials.
4.3.2.I.2. Low Density Sample Validation
Keeping a constant slit width of 2 mm, demonstration tests were run with the small raining 
device at low (8 cm) and high (30 cm) raining heights to examine this phenomenon. The velocity
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at which the raining device curtain was moved horizontally was also kept constant. A third 
method of lightly pouring the material from a glass beaker into the shear box as low to the 
material level as possible was also investigated. The in-situ density of these samples was 
determined using the volumetric density determination methodology described in Section 4.3.2.2.
SSC-2 was selected as the test material for this preliminary investigation. Due to the small 
particle distribution range and the high bulk density, this material would prove more difficult to 
obtain a wider range of densities than the SSC-1 simulant. The resulting density for the two 
tested raining heights and a low height pouring are shown in Figure 36.
Variation in Density Due to Raining Height
2400 -|------------------------------------------------------------------------p--------- - . .|
ES Low Density
2350 S  Medium (vibrated) Density |
Rained (low) Rained (high) Poured (low)
Preparation technique 
Figure 36 -  Comparison of SSC-2 density for various preparation techniques.
The results show that higher raining heights induce a higher material density in the sample. 
Raining SSC-2 at low height achieved an average density of 2174.0 kg/m3, while the higher 
raining height resulted in an average density of 2267.3 kg/m3. This is nearly a 5% difference in 
overall density and variation of nearly 100 kg/m3 due to raining height. However, these results 
also show that when the density of both samples is taken again after inducing 20 seconds of 
vibration, an even higher density is achieved, as the soil particles arrange themselves in a more 
compacted manner during vibration. In these cases, the densities for the low and high rained 
samples were 2328.2 kg/m3 and 2332.4 kg/m3, respectively. These resulting densities were very 
close, as would be expected, however the vibrated density after pouring was not as low, likely 
due to not vibrating the soil long enough.
Comparatively, the pouring technique produced low density results, as well, resulting in an 
average SSC-2 density of 2184.5 kg/m3, only slightly higher than the low height rained simulant. 
This is likely due to the flow rate of the material from the beaker causing the particles to become 
aerated during the flow into the shear box.
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From the above preliminary results, it was decided that the raining device method would be 
exploited as the best option for lowering the packing density of the soil for testing in the small 
direct shear box and in the large pressure-sinkage soil bin.
4.3.2.I.3. High Density Sample Creation -  Layered Compaction
The preparation of the high density samples did not require surplus preparation equipment. 
Additionally, due to their high density state, incidental settling would not be a factor and the 
samples could be built outside of the direct shear* apparatus before being relocated to the 
apparatus for testing.
Using a soil pouring spoon, approximately 1/3 of the shear box was filled with the desired 
material. The top cap was then placed on top of the sample and the shear box was vibrated. This 
vibration, accompanied by the compression from the top cap, helped to settle the particulate 
material into a more dense state. The top cap was then removed and an additional 1/3 of the box 
was filled. The vibration process was repeated with the top cap before the final 1/3 of the box 
was filled. A final vibration was applied, as well as greater compression from the top cap and an 
extra applied load.
Initially, use of a mallet to further compress the material was used at this final stage. However, 
preliminary results showed that the materials (especially the SSC-2) were left in a less dense state 
due to the excessive vibrational response of the material bouncing back after the mallet blows. It 
was also considered that the soils would be left in an overconsolidated state and thereby changing 
the structural properties of the soil. Instead, additional compression was applied at this stage to 
push the material into a more compressed state during vibration. Following this preparation, the 
shear box was carefully placed within the direct shear apparatus for testing.
4.3.2.2. Volumetric Density Determination
Determination of soil density in-situ is a precise process. Any movement to a prepared sample 
could induce vibration, which would further settle the soil and increase the density of the sample. 
This is especially true with any samples created to have a low density, such as those utilising the 
raining device preparation technique.
The relative density of each sample to be tested was determined using a volumetric density 
technique in the direct shear box. Both SSC-1 and SSC-2 were separately prepared in the direct 
shear box for testing using various placement techniques. The method for setting up the sample in 
the direct shear box was dependent upon the type of test that was to be performed. For low 
density testing, the particulate was rained using the raining devices discussed above. For high
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density testing, the material was poured in over three layers, being vibrated and compressed 
between each layer.
Once the material has been placed into the direct shear box, the combined box and soil mass was 
taken. This was reduced by the mass of the empty shear box to determine the mass of the 
material. Then, the height of the sample in the box was determined. As the sample would rarely 
be flat on the surface, the highest and lowest heights were measured using a desktop micrometer 
to get the height of the sample from the surface of the lab table. This height was reduced by the 
internal height of the empty shear box base to determine the height of the sample. These heights 
were averaged to determine the average height of the sample. Considering the shear box 
dimensions are 60 mm on each side, the overall volume of the material could be determined. 
From the determined mass and volume, the overall density of the sample is found. The results of 
the density tests are presented in the following sections.
4.3.2.2.1, Yolumetric Density Determination of SSC-1
Each of the tests described earlier in this section was run to determine the density of SSC-1 under 
each condition -  low, medium and high densities.
For the low density tests, several preliminary approaches were investigated and expressed in 
Section 4.3.2.1. From these preliminary tests, an average height of 20-23 cm was selected, as this 
would be similar to the drop height of the large raining device at the surface of the large-scale 
tests. It should be noted that lower densities could have been achieved if a lower raining height 
was selected, but similarities between drop conditions were initially desired. The raining device 
slit was opened to 2 mm to maintain a constant flow rate during raining. Several raining tests 
were performed to determine the density of the material within the shear box. The results are 
expressed in Table 6 .
Table 6 ~  Low and medium (vibrated) density tests for SSC-1 under low normal pressure conditions.
Low Density Medium (vibrated) Density
Height
[mm]
Mass
[g]
Density
[kg/m3]
Height
[mm]
Mass
[gl
Density
[kg/m3]
Run 1 35.4 1163.1 1611.2 33.8 1163.1 1712.9
Run 2 35.9 1169.3 1640.4 34.8 1169.3 1708.3
Run 3 36.4 1167.5 1593.5 34.4 1167.5 1718.6
Average - - 1615.1 - - 1713.3
St. Dev. - - 23.7 - - 5.1
In the above tests, the standard deviation of the low density determination is 23.7 kg/m3, showing 
that the results are reasonably consistent. It is thereby assumed that the density for all future 
specimens created using the raining device with a 2 mm slit dropping garnet from a height of 20- 
23 cm will have a low density of 1615.1 kg/m3.
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The medium density values are a useful benchmark for showing the range of achievable 
densities, but no mechanical properties testing were done at medium densities. Consistency in the 
data is shown given the standard deviation of the results is 5.1 kg/m3 for the medium density 
average of 1713.3 kg/m3. It also shows that the vibrated density is reasonably consistent 
regardless of the raining height, which is as expected.
For the high density tests, the layered approach discussed above was incorporated. Three layers 
of SSC-1 were poured into the shear box from a low height, each layer being vibrated and 
compressed before the subsequent layer was added. The full sample is then compressed again 
before height measurements were taken to determine the volume and the sample density.
The sample density was evaluated for each of the 4 runs completed for each of the 3 masses for 
both high and low pressure testing during direct shear. For each of these 24 runs where 
compacted SSC-1 was tested in direct shear, the density was measured before each test because 
the sample was created before putting the shear box into the apparatus. A summary of these 
densities is found in Table 7.
Table 7 -  High density tests for SSC-1 under high and low normal pressure conditions.
Density for 
Low Pressure 
Tests 
[kg/m3]
Density for 
High Pressure 
Tests 
[kg/m3]
Low Normal Pressure Samples
Run 1 1683.6 1688.6
Run 2 1683.8 1668.8
Run 3 1721.9 1698.9
Run 4 1703.7 1685.7
Middle Normal Pressure Samples
Run 1 1728.4 1668.7
Run 2 1715.6 1694.1
Run 3 1707.1 1697.5
Run 4 1724.8 1710.3
High Normal Pressure Samples
Run 1 1729.5 1716.9
Run 2 1753.5 1724.4
Run 3 1735.3 1700.0
Run 4 1719.3 1746.8
Average 1708.6
St. Dev. 22.7
These results show, with a standard deviation of 22.7 kg/m3, that the packed density of SSC-1 is 
reasonably consistent for all high density tests. The density used for analysis for highly packed 
SSC-1 simulations will be 1708.6 kg/m3, which is nearly 100 kg/m3 greater than the low density 
samples.
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4.3.2.2.2. Volumetric Density Determination of SSC-2
Each of the tests described earlier in this section was run to determine the density of SSC-2 under 
each condition -  minimum, low, medium, high and maximum densities.
For the low density tests for SSC-2, the same considerations were taken into account as for SSC- 
1 sample preparation: a raining height of 20-23 cm and a slit width of 2 mm were selected. The 
resulting densities for rained samples before and after vibration are expressed in Table 8.
Table 8 -  Low and medium (vibrated) density tests for SSC-2 under low normal pressure conditions.
Low Density Medium (vibrated) Density
Height
[mm]
Mass
[g]
Density
[kg/m3]
Height
[mm]
Mass
[gl
Density
[kg/m3]
Run 1 36.4 1230.0 2234.8 35.1 1230.0 2336.8
Run 2 39.1 1250.8 2232.1 37.8 1250.8 2330.1
Run 3 36.3 1227.6 2215.9 35.1 1227.6 2318.1
Average - - 2227.6 - - 2328.3
St. Dev. - - 10.2 - - 9.4
In the above tests, the standard deviation of the low density determination is 10.2 kg/m3, showing 
that the results are very consistent. It is thereby assumed that the density for all future specimens 
created using the raining device with a 2 mm slit dropping garnet from a height of 20-23 cm will 
have a low density of 2227.6 kg/m3. This is slightly higher than die 2174.0 kg/m3 achieved when 
raining from 10 cm, but still lower than the 2267.3 kg/m3 achieved when raining from 35 cm in 
the preliminary tests.
The medium density values are a useful benchmark for showing the range of achievable 
densities, but no mechanical properties testing will be done at medium densities. Consistency in 
the data is shown given the standard deviation of the results is 9.5 kg/m3 for the medium density 
average of 2328.3 kg/m3. It also shows that the vibrated density is reasonably consistent 
regardless of the raining height, which is as expected.
For the high density tests, the layered approach discussed above was incorporated. Three layers 
of SSC-2 were poured into the shear box from a low height, each layer being vibrated and 
compressed before the subsequent layer was added. The full garnet sample is then compressed 
again before height measurements were taken to determine the volume and the sample density.
The sample density was evaluated for each of the 3-4 runs completed for each of the 3 masses for 
both high and low pressure testing during direct shear. For each of these 23 runs where highly 
compacted SSC-2 was tested in direct shear, the density was measured before each test because 
the sample was created before putting the shear box into the apparatus. A summary of these 
densities is found in Table 9.
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Table 9 -  High density tests for SSC-2 under high and low normal pressure conditions.
Density for 
Low Pressure 
Tests 
[kg/m3]
Density for 
High Pressure 
Tests 
[kg/m3]
Low Normal Pressure Samples
Run 1 2396.5 2382.9
Run 2 2414.8 2392.2
Run 3 2416.6 2346.5
Run 4 2417.8 2342.7
Middle Normal Pressure Samples
Run 1 2371.7 2374.7
Run 2 2388.6 2383.3
Run 3 2394.2 2375.0
Run 4 2366.9 2365.0
High Normal Pressure Samples
Run 1 2363.5 2403.9
Run 2 2410.9 2388.4
Run 3 2368.0 2406.7
Run 4 2367.6 -
Average 2384.3
St. Dev. 21.5
These results show, with a standard deviation of 21.52 kg/rn3, that the packed density of SSC-2 is 
reasonably consistent for all high density tests. The density used for analysis for highly packed 
SSC-2 simulations will be 2384.3 kg/m3, which is more than 150 kg/m3 greater than the low 
density samples.
4.3.3. M a x i m u m  Density
To determine the maximum relative density of both SSC-1 and SSC-2 simulants, the ASTM 
D4253-00 standards should be followed (Bica, 1991). Unfortunately, these tests require a 
specialised vertical vibrating table that was not available at the University of Surrey. Other 
methods exist to determine the maximum density, such as compaction through use of a vibratory 
hammer (ASTM, 1973). When considering highly compacted method used in the sample 
preparation, the samples are considered to be nearly fully compacted.
Table 10 -  Maximum relative density for SSC-1 and SSC-2 simulants.
SSC-1 SSC-2
Density [kg/m3] 1794.1 2503.5
Standard Deviation - -
Relative Density 100% 100%
It was noted that when considering 95% of the maximum relative density tests using varying 
methods across 41 different research laboratories, only +/- 2 % variation was found in the results. 
Therefore, an estimation is made that the maximum density is 5% higher than the highly 
compacted method. Considering an increase of 5% from the highly compacted soil samples, the
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resulting maximum relative density is 1794.1 kg/m3 for SSC-1 and 2503.5 kg/m3 for SSC-2, as 
shown in Table 10.
4.3.4. Discussion of Density Results
Each of these in-situ density values are plotted in comparison to the minimum and maximum 
relative density as derived in the previous sections. Figure 37 shows a comparison of the 
variation in the sample preparation methods and how the in-situ results compare to the minimum 
and maximum relative densities for SSC-1. In this figure, the standard deviation in the resulting 
tests is shown as error bars on the top of each density test.
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Figure 37 -  Summary chart of all tested SSC-1 density values.
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Once the relationship is established between the in-situ densities and the minimum and maximum 
relative densities, relative density of each of the in-situ samples can be determined. Table 11 
shows this comparison.
Table 11 -  Average SSC-1 density summary.
Minimum Low Medium High Max
Density [kg/m3] 1383.5 1615.1 1713.3 1708.6 1794.1
Standard Deviation [kg/m3] 14.0 23.7 5.1 22.7 0.0
Relative Density 0.0% 62.6% 84.1% 83.1% 100.0%
The low density samples that were created with the raining device at 20-23 cm drop height have a 
relative density of 62.6%, which compares to the highly compacted samples having a relative 
density of 83.1%. Unexpectedly, the average medium density turned out slightly higher than the 
average high density sample. The reason for this falls in the application of the vibration. More 
vigorous vibration was applied to the high density sample, which could have had an aeration 
effect by creating voids between particles during high amplitude vibrations. However, the 
difference is within the standard deviation of the density error in each case and still shows that a 
higher density sample can be created from a low density sample.
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Each of these in-situ density values are plotted in comparison to the minimum and maximum 
relative density as derived in the previous section. Figure 38 compares the variation in the sample 
preparation methods and how the in-situ density results compare to the minimum and maximum 
relative densities for SSC-2. In this figure, the standard deviation in the resulting tests is shown as 
error bars on the top of each density test.
Density Variation in SSC-2 with E rro r  Bars
Figure 38 - Summary chart of all tested SSC-2 density values.
Once the relationship is established between the in-situ densities and the minimum and maximum 
relative densities, relative density of each of the in-situ samples can be determined. Table 12 
shows this comparison.
Table 12 - Average SSC-2 density summary.
Minimum Low Medium High Max
Density [kg/m3] 1948.7 2227.6 2328.3 2384.3 2503.5
Standard Deviation [kg/m3] 13.5 10.2 9.5 21.5 0.0
Relative Density 0.0% 56.5% 73.6% 82.4% 100.0%
The low density samples that were created with the raining device at 20-23 cm drop height have a 
relative density of 56.5% , which compares to the highly compacted samples having a relative 
density of 82.4%. Had the lower drop height (8 cm) been considered as well, the average 2174.0  
kg/m3 density would result in a relative density of 46.8% . However, it would not be repeatable 
when using the large raining device to prepare the large soil bin for testing.
4.4. Direct Shear Testing
As introduced in Section 3.1.2, there are many testing methods that can be utilised to determine 
the mechanical properties of soils. The direct shear test (DST) is utilised in this research to 
determine the angle of internal friction and cohesion of SSC-1 and SSC-2 simulants. It should be 
noted that this is different from effective angle of internal friction ((f)') and effective cohesion
( C0'), which are determined through saturating a compressible soil before testing the sample wet
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(Kim and Sture, 2004). Since the samples will be tested dry, this variation will not be applicable 
to the analysis of the direct shear results.
4.4.1. Direct S h e a r  B o x
The direct shear box equipment used in this research is a fully mechanical apparatus developed 
by ELE International and shown in Figure 39. It has a variable load hanger (4.5 kg) with an 
additional hanger extension for testing at very high normal pressures, as well as a custom-built 
low-mass hanger (578 grams) for testing at very low normal pressures. The apparatus can 
perform the shearing tests at varying displacement speeds, as high as 2 mm per minute. This 
highest displacement speed was selected for these tests, as this is the closest representation to the 
interaction between a moving vehicle and the soil. Often much slower displacement speeds are 
selected for determining the soil properties under buildings or bridges, where the structures are 
expected to displace minimally over long periods of time.
Figure 39 - ELE International direct shear apparatus used in the experimental testing.
The procedures for conducting the direct shear test follows the accepted ASTM D 3080-04 
(ASTM, 2004). An exception to the testing procedure exists in that the porous inserts were not 
utilised above and below the tested materials as designated because the materials being tested 
were dry.
The shear box is a 6 cm x 6 cm square and 3 cm deep. Once the sample is prepared following the 
methodology detailed in Section 4.4.2, a top cap was added to contain the sample. There are two 
top caps, a heavy cap (528 grams) and a light cap (175 grams), used for the high normal pressure 
and low normal pressure tests, respectively. The high or low mass hanger is then hung from the
top of the top cap to apply a normal pressure ( a  = ) to the soil mass. Once the setup is
completed, an electric motor is started which causes the bottom half of the shear box to slide 
horizontally. The top half of the shear box is attached to a shear ring to determine what shearing
force ( F s = ) is imparted on the top half of the box. A horizontal displacement gauge is
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attached to the lower half of the shear box to show the displacement ( jc) of the soil mass. Figure 
40 shows this relationship graphically, including the cross-sectional area of the shearing soil.
W
Figure 40 - Direct shear test and expected results for varying soils (Atkinson and Bransby, 1978).
Additionally, a vertical displacement gauge is attached to the top cap to determine how much 
vertical movement is caused in the shearing soil. This vertical displacement is a representation of 
the individual particles of the soil rolling over top of each other during shearing. In most cases, 
the soil will initially settle slightly into a more compacted state and the vertical displacement will 
drop. Then, the height will increase as the shear stress increases through the point where peak 
shear is achieved. As shearing approaches the critical state, the vertical displacement will settle 
again to its final displacement position, often higher than the initial. Soil samples with higher 
void ratio will have less of an upward vertical displacement during shear, while samples with a 
lower void ratio (especially those made up of large particles) will have a higher upward 
displacement as the particles roll over each other, as represented in Figure 41. The results of the 
normal vs. shearing force as well as the effect of density on vertical displacement will be detailed 
in Section 4.4.3.
Figure 41 - The expansion seen in dense soils, such as dry sand, as it fails in shear (Upadhyaya et al.,
1994).
Vertical displacement of a particle sample is especially important when considering the peak 
stress of a soil. This is used primarily for low displacement structures, such as building
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foundations and bridges. In terramechanics, however, when high levels of soil displacement is 
expected, the final (or critical) stress is of primary interest, and utilised to determine the strength 
of a soil. Therefore, the vertical displacement will not be further investigated in this thesis.
4.4.2. Direct S h e a r  Test S a m p l e  Preparation
There were two types of samples that needed to be prepared for direct shear testing: low density 
samples and high density samples. Both SSC-1 and SSC-2 samples were created under each of 
the below described methodologies.
4.4.2.1. Low Density Samples
The preparation of low density samples was done with the shear box already placed within the 
direct shear apparatus. Creating the samples outside of the apparatus and then moving the sample 
into the apparatus could induce significant vibration, which would cause the material to settle and 
thereby increase the density. This settling would not able to be measured within the apparatus, 
and therefore the development of a repeatable density within the direct shear apparatus was 
required. These density tests were conducted in the shear box while not in the apparatus, as 
described in Section 4.3.2.1.1.
Following on from the successful demonstrations of the creation of low density samples using the 
small raining device, this methodology was used in the preparation of the low density samples 
required for direct shear testing. A positioning height of 20-23 cm above the direct shear box was 
selected, as this was expected to be the distance between the base of the large raining device and 
the top of a full sample in the large soil bin. Although this distance is not directly related to the 
direct shear test, it was felt that utilising similar distances for both the direct shear test and the 
pressure-sinkage test would streamline the overall results of this investigation.
Consideration was taken to prevent particulate material from falling unnecessarily over the direct 
shear box, as well as ensuring an even layering of the soil when dropped. A cover was 
constructed for the direct shear box to ensure that particulate materials would only fall in the 6 
cm x 6 cm area. This prevented sand from coating the outside of the box and thereby reducing the 
error of weighing extra mass not inside of the shear box when determining density using the 
volumetric method. It also prevented material from building up on the outside of the cover and 
falling back within the box, thereby building up around the inner edges of the test box.
The raining device slit was opened to 2 mm to create a curtain of falling material. The entire 
raining device was then slowly moved from one end of the direct shear box to the other, to create 
layers of material approximately 2-3 mm high each within the shear box. After 10-12 passes, the 
shear box was filled to the required height and ready for testing.
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4 .4 .2 .2 . High Density Sam ples
The same methodology used defined in Section 4.3.2.1.3 was used to create the high density 
samples for the direct shear testing. Once these samples were created outside of the direct shear 
box apparatus, they were relocated into the apparatus for testing.
4.4.3. Results of the Direct S h e a r  Tests
Numerous tests were performed in the direct shear test apparatus. In order for the friction angle 
and cohesion of a particulate material to be determined, at least two points of data are required to 
plot the normal stress vs. shear stress, each at a differing normal stress. It was decided that three 
different normal stresses would be tested to ensure accuracy of the friction angle line and 
cohesion intercept. It was also decided that no less than three runs at each individual normal 
stresses would be performed to ensure accuracy of the results. In some cases, if there were 
uncertainties in the results for a run, a fourth run was preformed and the most consistent three 
results were taken to determine the average results for each normal stress. This meant that there 
were no less than twelve runs performed per sample preparation method.
These twelve runs were performed each in two normal pressure ranges: high pressure and low 
pressure. As discussed above, standard civil engineering processes dictate that high normal 
stresses will be used for the direct shear test in order to most accurately simulate the effect of 
large structures (bridges, buildings, large vehicles, etc.). However, as small robotic vehicles do 
not have such high normal pressures when in contact with the ground, this thesis investigates the 
effect of lower normal pressures on the mechanical properties of these materials and compares 
the results to that of higher normal pressures.
Additionally, as the surface material on planetary bodies is not under high compression, the 
density of the surface material is much lower than the highest level of compaction the soil can 
attain. Therefore, investigation of low pressures on low soil density is also considered for 
comparison.
In total, 72 direct shear tests were performed at varying pressures and densities and the results are 
presented in the following sections. Results are presented for the normal stress vs. shear stress 
relationship and the resulting determination of friction angle, cohesion and the shear deformation 
modulus ( k ). Additionally, observations are made regarding vertical displacement of the 
samples compared to relative density.
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4.4.3.1. Friction Angle and Cohesion
The primary results established by the direct shear test include the determination of the internal 
friction angle and the cohesion of the soil simulants. As expressed in previous sections, these 
parameters are essential in the determination of the strength of the soil under load, especially 
regarding the tractive capability of a vehicle in a soil. As both of these materials are dry 
compressible soils, the resulting apparent cohesion is expected to be quite small. However, it is 
not expected to be zero, as the apparent effect of cohesion is present regardless of the actual 
material properties due to the tangential line formed from connecting multiple Mohr’s circle plots 
(and caused by various factors discussed in Section 3.1.2). Additionally, the secant method for 
assuming zero cohesion when determining the angle of internal friction of the soil is also 
considered for comparison. As predicted, both the friction angle and the cohesion of a particulate 
material change under varying normal loading, as well as due to the density of the soil when 
tested. The results for SSC-1 and SSC-2 are expressed separately below and overall conclusions 
for this relationship are then summarised.
4.4.3.1.1. Friction Angle and Cohesion Determ ination for SSC -1
Initially, the direct shear test was run under traditional civil engineering specifications, following 
the ASTM 3080-04 documentation (excepting the use of porous inserts, as discussed above). 
High normal pressure was applied using 5 kg, 15 kg and 25 kg masses loaded upon a 4.5 kg mass 
hanger and utilising a 0.5 kg top cap. This resulted in a surface pressure across the 6 cm by 6 cm 
sample of 27.8 kPa, 55.4 kPa and 83.3 kPa, respectively.
Three to four runs were performed under each normal pressure. From each of these sets of data, 
the maximum, minimum and average were considered for each normal pressure. The first tests 
were performed on a sample of SSC-1 prepared at high density and compressed under high 
normal pressure. The average density of these samples was 1708.6 kg/m3. Table 13 shows the 
results for the high density SSC-1 tests under high normal pressure.
Table 13 - Normal stress and shear stress relationship for SSC-1 at high density and high normal 
____________________ pressure.__________ _________
Normal stress 
[Pa]
Peak shear stress [Pa] Critical shear stress [Pa] <t> [°1
(secant)Max Min Mean Max Min Mean
27,876 27,746 23,963 25,854 21,663 20,439 20,995 36.99
55,419 49,817 47,294 48,766 39,727 36,426 38,454 34.76
83,299 73,149 69,365 71,257 60,240 59,424 59,807 35.64
(f) [°] (tangent) 34.79 35.08 34.96
C0 [Pa] (tangent) 1937 -264 907
The results show that following traditional direct shear testing criterion, the friction angle of 
SSC-1 using the tangential method is 34.96° with an apparent cohesion of 906 Pa. Alternatively,
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the friction angle ranges from 34.76° to 36.99° when cohesion is completely neglected. These 
results for both methods are very similar in this test, as the cohesion is reasonably low for the 
tests. These results follow similarly accepted properties of dry sand from several other authors, as 
noted in Table 14.
Table 14 - Comparison of accepted physical properties of various sands.
Name of sand (Author) <t> [°1 C0 [Pa]
SSC-1 34.96 907
Dry Sand
(Wong, 2001; Patel, 2005; Richter et al, 2002) 28 1040
Various (Ghazavi et al., 2008) 32 .5 -38 .5 0
Sand (Hetherington, 2005) 30 0
Various (Santamarina and Gho, 2001) 3 1 - 3 4 0
Various (Worley, 2007) 30.7 -  34.7 0
To compare the effect of the variation in particle size distribution on the shearing strength of soil, 
SSC-1 was sieved to 400 microns, removing all particulate material greater than that from the 
sand. A sample was created of this material under high density and tested in direct shear under 
high normal pressure. The resulting density for these tests was 1675 kg/m3 and the direct shear 
results are shown in Table 15.
Table 15 - Normal stress and shear stress relationship for SSC-1 sieved to 400 micron at high density 
______________ and high normal pressure.____________ _________
Normal stress [Pa] Peak shear stress [Pa] Critical shear stress [Pa] </> [°1 (secant)Max Min Mean Max Min Mean
27,876 32,160 25,854 29,533 21,566 20,179 20,894 36.85
55,419 59,276 55,177 57,174 44,371 43,339 43,692 38.25
83,299 77,248 71,888 74,725 59,647 57,529 58,808 35.22
(j) [°] (tangent) 34.48 33.96 34.36
C0 [Pa] (tangent) | 3722 2944 3159
A resulting mean friction angle of 34.36° was determined with an average apparent cohesion of 
3159 Pa. However, utilising the secant method, the friction angle ranges from 35.22° to 38.25°. 
Certainly this is somewhat diverging from the tangential method (nearly 4°) due to the high 
apparent cohesion in this test. A comparison of the normal stress vs. shear stress plots for SSC-1 
at 1.3 mm and 400 micron is shown in Figure 42 utilising the tangential method.
As shown, the tangential line plotted for the normal stress vs. shear stress for the 400 micron sand 
diverges from the 1.3 mm sand at lower normal stresses. The friction angle, while not 
significantly smaller for the 400 micron SSC-1 than the larger particle sand, follows the expected 
trends in particle size distribution and the effect on friction angle (Cho et al., 2006). However, 
this lower friction angle with higher shearing stresses leads to the higher apparent cohesion in the 
smaller particulate material. This could be explained as a result of the mean shear stress at 20 kg 
(55 kPa) being significantly out of position with regards to the trend line. Had this test fallen 
lower during the experiment, the resulting mean apparent cohesion may have been lower and
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closer to zero. This comparison introduces the resulting variation in shearing strength depending 
upon particle size distribution for the same material. However, further investigation into the 
effect of grain size variation on the mechanical properties of the soil is beyond the scope of this 
research.
Shear Strength of SSC-1 Soil 
Unsieved and Sieved to 400 micron
100
80
521 60
t? 40
JStzi 20
o SSC-1 Unsieved 
x SSC-1 Sieved to 400 micron
------ Tangential Fit for SSC-1 Unsieved
* * * Tangential Fit for SSC-1 Sieved to 400 micron
20 40 60
Normal stress [kPa]
80 100
Figure 42 - Comparison of the shear strength of SSC-1 unsieved (1.3 m m  maximum particulate size) 
and sieved (400 micron maximum particulate size) at high density and high normal pressure utilising
the tangential method.
Following this analysis, a sample of SSC-1 was created with high compaction and tested in direct 
shear under low normal pressures. To achieve these low normal loads, 0.5 kg, 1.5 kg and 2.5 kg 
masses were added to a 578 gram mass hanger, which was covered with a 180 gram top cap. This 
resulted in 3.5 kPa, 6.3 kPa and 9.1 kPa normal stresses, respectively. The results of which are 
shown in Table 16.
Table 16 - Normal stress and shear stress relationship for SSC-1 at high density and low normal
Normal stress [Pa] Peak shear stress [Pa] Critical shear stress [Pa] <t> [°1(secant)Max Min Mean Max Min Mean
3507 6937 6306 6516 4414 3513 4001 48.76
6280 10,089 9459 9774 6937 6176 6673 46.74
9092 13,242 11,981 12,612 10,089 8387 9388 45.92
(/) [°] (tangential) 45.47 41.11 43.97
C0 [Pa] (tangential) 750 535 617
Under all low normal stresses, the shearing stress on SSC-1 is proportionally greater than in the 
high normal stress tests. This results in a friction angle of 43.9°, which is significantly higher in 
comparison to the high normal stress tests, varying by nearly 10°. Even considering the secant 
method, the friction angle range is several degrees higher (45.92° to 48.76°). These variations in 
friction angle would have a considerable effect on the predicted collapse zones for soil, such as 
the region created by the draught force of a blade, as shown previously in Figure 15. These 
results also show that there is only minor change in the cohesion of the sand. This should be
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expected as the apparent particle-to-particle attraction should be unchanged in the high and low 
normal stress tests.
Additionally, this difference raises concern for the utilisation of friction angle in the 
determination of vehicle mobility in soils. Certainly, large vehicles such as tanks, trucks and 
agricultural equipment create high normal pressures on the soil when driven. For these vehicles, 
existing terramechanic theory (such as Bekker Theory, etc) are a reasonably accurate measure of 
vehicle mobility in soil.
However, smaller vehicles, such as all-terrain vehicles (ATVs) and microrovers, are not 
accurately modelled using existing terramechanic theory. As expressed in Section 3.3, there are 
significant inaccuracies in the utilisation of large vehicle theory on smaller vehicles. One 
resolution to this inaccuracy could be the inclusion of more accurately tested soil properties, such 
as internal friction angle, when applying these theories. This application will be investigated 
further in Chapter 5.
Finally, consideration must be taken for the difference between highly compacted soil and low 
density surface soil. This is especially important for microrovers traversing planetary soils, as the 
surface soils are far more loosely packed than the sub-surface soils (Mitchell et al., 1972). 
Therefore, further tests were run for SSC-1 that was lightly rained into the direct shear box. The 
average density of these tests was 1615.1 kg/m3 and the direct shear results are shown in Table 
17.
Table 17 - Normal stress and shear stress relationship for SSC-1 at low density and low normal 
_____________________ pressure.___________ _________
Normal stress [Pa] Peak shear stress [Pa] Critical shear stress [Pa] <t> [°](secant)Max Min Mean Max Min Mean
3507 5675 5360 5570 3617 3153 3390 44.03
6280 8828 7882 8408 6306 5962 6086 44.10
9092 11,035 10,720 10,930 8338 7620 7985 41.29
(f) [°] (tangential) 40.20 38.64 39.44
C0 [Pa] (tangential) | 768 548 645
The resulting friction angle for the low density dry sand sample under low normal stress is 
39.44°. This falls nearly mid-way between the high and low normal pressure tests on dry sand 
samples created with high density. This shows that, in addition to the normal pressure on a direct 
shear sample affecting the friction angle, the packing density of that sample also has an effect. 
Additionally, the variation of 2°-4.5° considering the secant method adds further variation the 
range of predicted soil force response a blade, wheel or track would have on soil. This, too, will 
have a significant effect on the performance of small vehicles, especially those on planetary 
surfaces, as the surface density of these soils can be very low.
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In summary, the friction angle for SSC-1 varies in upwards of 10° when considering only the 
tangential method for determining friction angle and cohesion. Figure 46 plots the shearing 
strength of SSC-1 under the tangential method of determining friction angle and cohesion, 
plotting the linear fit for the Mohr-Coulomb relationship. The divergence of the shear strength 
lines are evident. When cohesion is ignored completed and the secant method for determining 
friction angle is employed, the variations grow even further. The resulting soil forces and vehicle 
mobility prediction would be highly unreliable with such large variations in the results, as seen 
here. However, if a low contact pressure vehicle is traversing this soil, the friction angle (and 
cohesion) values that are most appropriate for estimating that vehicle’s performance could be 
utilised to fine-tune the mathematical model.
Shear Strength of SSC-1
Normal Stress (kPa)
Figure 43 -  Comparison of the tangential (instantaneous) shear strength of SSC-1 soil under all three
tested conditions.
Following the shearing strength tests for SSC-1, the next section discusses the. results from the 
direct shear testing of SSC-2.
4.4.3.1.2. Friction Angle and Cohesion Determination for SSC-2
Following the ASTM 3080-04 documentation, high normal pressures were applied to SSC-2 
using the same masses, mass hanger and top cap introduced in the previous section. The same 
normal pressures as applied to the sand (27.8 kPa, 55.4 kPa and 83.4 kPa) were then applied to 
SSC-2 under direct shear; the results of which are summarised in Table 18.
Although extensive material properties testing had previously been conducted on SSC-2, 
traditional soil mechanics tests have not previously been performed on this material (GMA 
Garnet, 2009a). Therefore, no comparison can be made to existing data. However, as the surface 
roughness for this material is quite high, as is the hardness of the material, it can be hypothesised 
that the shear strength of the particulate material will be higher than material with less roughness 
(Santamarina and Cho, 2004). As noted at the beginning of this chapter, the surface
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characteristics of SSC-2 are rougher than that of SSC-1, therefore it would be expected that the 
friction angle will be higher, assuming similar particulate sizes and other mechanical properties.
Table 18 - Normal stress and shear stress relationship for SSC-2 at high density and high normal 
______________  pressure.__________________________
Normal stress [Pa] Peak shear stress [Pa] Critical shear stress [Pa] </> [°1 (secant)Max Min Mean Max Min Mean
27,876 30,899 29,638 30,058 24,983 24,741 24,877 41.75
55,419 61,167 59,276 59,906 51,412 49,446 50,262 42.21
83,299 81,346 80,085 80,926 73,705 71,776 72,963 41.22
(j) [°] (tangential) 41.31 40.32 40.94
C0 [Pa] (tangential) 1224 1533 1194
Although the grain sizes are quite different, the table above shows that this methodology still 
holds true under the high density and high normal pressure conditions applied under this direct 
shear test. The resultant friction angle is 40.94° with an apparent cohesion of 1194 Pa. The 
cohesion is somewhat higher than expected for this compressible material. This is due to the silty 
characterisation of the material particle size and the interlocking effect of compacted SSC-2. 
Additionally, the electrostatic forces between the small particles may cause an attraction between 
them. Furthermore, even the slightest moisture in the soil would also cause some attractive forces 
(though this soil was already tested to be nearly completely dry, so this influence should have 
little effect). If the material were considered purely “cohesionless”, the secant method would 
show an increase of the friction angle to 41.22°-42.21°. This is not significantly higher than the 
tangential method, but would still have a minor influence on soil shear strength prediction.
Comparative analysis between varying particulate sizes of SSC-2 was not performed, as was 
done for SSC-1, because the material was already pre-sieved through a 350-mesh sieve and larger 
grain sizes were not available for testing. Testing on smaller grain sizes of the sand was also not 
able to be performed due to the already small particulate size of the material.
Further direct shear tests were performed on the garnet to determine the variation in friction angle 
and cohesion of a dense sample of SSC-2 under low normal pressure. Table 19 summarises these 
direct shear test results.
Table 19 - Normal stress and shear stress relationship for SSC-2 at high density and low normal 
____________________  pressure.___________ _________
Normal stress [Pa] Peak shear stress [Pa] Critical shear stress [Pa] </> [°1 (secant)Max Min Mean Max Min Mean
3507 7252 6937 7042 5675 5067 5448 57.23
6280 10,089 9144 9459 8226 7567 7787 51.11
9092 12,612 11,981 12,191 10,720 10,265 10,463 49.01
(j) [°] (tangential) 42.09 42.95 41.93
C0 [Pa] (tangential) 2522 1776 2247
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As shown in this table, the highly packed sample under low normal pressure resulted in an 
average friction angle of 41.93°. Although not a significant dispersion from the high pressure 
tests, the variation of 1° does follow the expected model, also exhibited by the sand. Similarly the 
cohesion of the SSC-2 soil is still significantly higher than expected. Therefore, when the secant 
method is considered, the resulting mechanical soil properties are significantly different. With a 
resulting friction angle between 49.01° and 57.23°, the divergence from the average 41.93° 
tangential friction angle is significant -  a 36.5% increase in one case! This would have significant 
variation in soil force results if one is used improperly over the other. Alternatively, if the correct 
friction angle is used, the prediction methodology would be far more accurate.
Further direct shear tests were then performed on SSC-2 samples created at low density and 
sheared under low normal pressures. The summary of these results are shown in Table 20.
Table 20 - Normal stress and shear stress relationship for SSC-2 at low density and low normal 
______________  pressure. _________________________
Normal stress [Pa] Peak shear stress [Pa] Critical shear stress [Pa] (/> [°1 (secant)Max Min Mean Max Min Mean
3507 4729 4414 4519 4437 4414 4422 51.58
6280 7567 7567 7567 6937 6621 6770 47.15
9092 10,405 10,089 10,300 10,089 9459 9690 46.83
<f) [°] (tangential) 45.36 42.10 43.34
C0 [Pa] (tangential) p 782 1145 1022
The resulting tangential friction angle for this test is 43.34° with a cohesion of 1022 Pa. There is 
significant variation in the secant-based friction angle range, which is between 46.83° and 
51.58°; however this is not as significant as in the high density and low normal pressure case. 
Interestingly, the resulting tangential friction angle is higher for this low density test than for the 
high density test. This is opposite from the SSC-1 result, as well as against expectations. One 
would estimate that a compacted soil would have a higher shearing angle than a loosely packed 
soil. However, in this simulant, the opposite is true. Therefore, loose/turbulent SSC-2 soil has a 
higher friction angle than compacted SSC-2.
In summary, the SSC-2 simulant also has variation in the friction angle determination for the 
tangential case. This is shown in Figure 44 which shows shear strength using the tangential 
method as the linear fit for the Mohr-Coulomb relationship. However, it can be seen that a strong 
cohesive influence exists in the soil as well. This is the reason behind the 36.5% increase in the 
estimated secant-based friction angle as to the tangent-based friction angle. Additionally, the 
increase in friction angle for a loosely compacted SSC-2 in comparison to a densely compacted 
SSC-2 is unexpected. This will need to be investigated further during the leg segment tests in 
Chapter 5 for comparison.
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Figure 44 - Comparison of the tangential (instantaneous) shear strength of SSC-2 soil under all three
tested conditions.
From these results, one significant relationship can be drawn which is of importance for soil 
trafficability on planetary surfaces: the relationship between relative density and the friction 
angle of the soil.
4 .4 .3 .2 . Discussion of F rictio n  Angle M ethods
The experimental results for determining the friction angle and cohesion of a soil in the previous 
sections are based on both the tangential and secant methods. The tangential method is the more 
commonly used in civil engineering practice. However, the secant method requires less 
experimental testing and provides a purely “cohesionless” result, thereby seemingly simplifying 
further calculations, which is also attractive for heavily mathematical algorithms. Traditional 
civil engineering practice dictates that the shearing strength of a soil is tested under high density 
and high normal pressure. Under these conditions, the secant (effective) and tangent 
(instantaneous) methods of analysing the data tend to provide similar results. However, this 
variation is much more significant under low pressure or low normal pressure testing. Table 21 
summarises all of the friction angles determined by both methods under each of the compaction 
and normal pressure conditions.
Although the variation in the friction angle under these different methods can vary as much as 
15°, the important tiling to consider is the application of the correct definition of the shearing 
strength variables under the right conditions. Utilising the low density and low contact pressure 
friction angle for soil trafficability prediction of a heavy tank on SSC-1 simulant would provide 
significantly incorrect performance prediction than considering the high density and high contact 
pressure variables. Similarly, considering SSC-2 as a truly “cohesionless” material and 
neglecting the apparent cohesion completely could result in trafficability prediction errors up to 
36.5% or more.
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Table 21 - Summary of all the friction angle and cohesion results for both tangent and secant 
methods for SSC-1 and SSC-2 soil simulants.
SSC-1 SSC-2
Shear Friction 
Stress Angle [°] 
[Pa] (Secant)
Shear Friction 
Stress Angle [°] 
[Pa] (Secant)
Normal Stress [Pa]
3507
6280
9092
Friction Angle (Tangent) [°] 
Cohesion (Tangent) [Pa]
Low Density
3390 44.03 
6086 44.10 
7985 41.29 
39.44 
645
Low Density
4422 51.58 
6770 47.15 
9690 46.83 
43.34 
1022
Normal Stress [Pa]
3507
6280
9092
Friction Angle (Tangent) [°] 
Cohesion (Tangent) [Pa]
High Density
4001 48.76 
6673 46.74 
9388 45.92 
43.97 
617
High Density
5448 57.23 
7787 51.11 
10,463 49.01 
41.93 
2247
Normal Stress [Pa]
27,876
55,419
83,299
Friction Angle (Tangent) [°] 
Cohesion (Tangent) [Pa]
High Density
20,995 36.99 
38,454 34.76 
59,807 35.64 
34.96 
907
High Density
24,877 41.75 
50,262 42.21 
72,963 41.22 
40.94 
1194
Furthermore, the particulate size seems to have a significant effect on the predicted friction angle 
due to the apparent cohesion in the material. There is more of a cohesive effect on the soils with 
smaller particulate sizes. This may be partially due to electrostatic forces on the very fine 
particles being attracted to each other. More likely this results from the bulk cohesivity and the 
effect of the rough particles interlocking with each other under compaction.
It is important to ensure that before using previously defined mechanical properties of soils, it is 
imperative to know the conditions under which they were tested. Otherwise, streamlining the 
performance prediction model based on incorrect soil property assumptions could cause 
significantly incorrect results.
4.4.3.3. Discussion of Relative Density vs. Shear Strength
One important relationship for evaluating microrover performance on soils is the relationship 
between relative density and shear strength. As yet, this relationship has not been applied directly 
to microrover mobility studies. As expressed above, a variation in relative density will vary the 
other mechanical properties of that soil, internal friction angle being the primary term for 
microrover mobility. This is due to the variation in the shearing strength of the particulate 
material at varying densities.
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The following figures depict the variation critical shear strength for SSC-1 and SSC-2 at different 
normal stresses. Figure 45 shows the relationship between the shear* strength at 6.2 kPa normal 
stress at low and high tested relative densities.
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Figure 45 - The effect of relative density on critical shear strength for SSC-1 and SSC-2 at 6.2 kPa
normal stress.
This plot shows that the shearing stress increases for both SSC-1 and SSC-2 with an increase in 
relative density. However, this does not express how that breaks down into variations in friction 
angle or cohesion. Figure 46 breaks down the shearing stress into the friction angle component at 
no cohesion, tangentially defined cohesion and an average cohesion value (the latter is 
specifically chosen due to the significantly higher cohesive results for high density and low 
normal pressure SSC-2).
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Figure 46 - The effect of relative density on friction angle for SSC-1 and SSC-2 under tangential, 
secant and average cohesive values for low density and low normal pressure samples.
As shown in these figures, the shear stress of the particulate materials, in both die cases of the 
SSC-1 and SSC-2, increase as the relative density increases. The resulting friction angle increases 
at higher relative densities in all cases, except for the traditional tangentially defined friction
Effect of Relative Density on Friction Angle
Effect of Relative Density on Critical Shear Strength 
under 6.2 kPa Normal Stress
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angle for SSC-2. The reason behind this is evident in the variation in the cohesion results, 
especially for SSC-2. Figure 47 shows the change in cohesion for these materials as relative 
density changes.
Effect of Relative Density on Cohesion
Relative Density [%]
Figure 47 - The relationship between relative density and cohesion for low density and low normal
pressure samples.
The cohesion of the SSC-1 sand stays relatively constant, as relative density changes. There is a 
slight drop in the cohesion results (<30 Pa), but this is within the average variation in the results 
of each test. However, as there is a dramatic change in the cohesion for SSC-2, the same 
relationship does not directly apply to all SSC-2 cases. The cohesion change of over 1200 Pa 
(more than doubling the apparent cohesion) occurred in the higher relative density runs. When 
considering the overall friction angle and cohesion, the friction angle decreases with an increase 
in relative density, while the cohesion increases. However, utilising an average cohesion value 
from each of the tests, the friction angle does follow the expected trend of increasing with 
relative density. This was shown previously in Figure 46.
A  relationship can be stated that an increase in relative density should lead to an increase in the 
shearing strength of the soil. If the cohesion is constant, or negated completely through the secant 
method, one can extrapolate that the angle of internal friction will increase with an increasing 
relative density. However, this is not the case for the SSC-2 simulant, where the reverse is 
actually the case. It was previously stated that the secant method is not accurate for SSC-2 due to 
the silty nature and bulk cohesivity of the soil. Therefore, the tangential method must be applied, 
which has an increasing cohesion with increasing relative density, which relates to a decreasing 
friction angle in this case.
A  universal relationship between relative density of a soil sample and the resulting friction angle 
(and/or cohesion) cannot be made. However, it has been shown that an increase in relative 
density has the effect of increasing the shearing strength of the soil. This effect can be quite 
significant, which would have a strong effect on any vehicle performance models used to
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determine soil trafficability or draught force on blades pushing through soil. It should also be 
highlighted that when considering high relative density and high normal pressure (as considered 
in traditional civil engineering soil strength testing), the resulting relative density may not 
conform to the expected real-world conditions of a microrover. Therefore, it is essential to 
conduct soil strength testing under relative density conditions that, in the case of vehicle 
terramechanics, a vehicle would encounter when traversing the soil.
4.4.3.4. Discussion of Shear Deformation Modulus
Following the direct shear tests, an investigation into the shear deformation modulus was 
conducted for both SSC-1 and SSC-2 simulants. Utilising the methodology presented in Section 
3.2.1.3, the peak shear strength of the soil is used as the baseline for determining the shear 
deformation modulus. The average values for each of the tested soils are shown in Table 22.
Table 22 - Average shear deformation modulus for SSC-1 and SSC-2 simulants.
Normal Stress
SSC-1 at 
High 
Density
SSC-1 at 
Low 
Density
SSC-1 
(400 micron) at 
High Density
SSC-2 at 
High 
Density
SSC-2 at 
Low 
Density
[Pa] [m] [mj [m] [m] [m]
3507 0.0014 0.0021 - 0.0013 0.0054
6280 0.0015 0.0022 - 0.0017 0.0033
9092 0.0019 0.0022 - 0.0020 0.0028
27,876 0.0025 - 0.0025 0.0032 -
55,419 0.0024 - 0.0030 0.0024 -
83,299 0.0026 - 0.0028 0.0024 -
Initial investigation into these results are in stark contrast to published data for large vehicles, 
which show significantly larger results (Wong, 2001). However, when comparing to existing data 
for tests conducted on smaller vehicle (and shear testing conducted under the conditions that 
these vehicle would encounter), the results are much more in-line (Richter et a l,  2006).
The first comparison to be performed involved the determination of the difference in shear 
deformation modulus due to change in particulate size distribution. Figure 48 shows that there is 
a slight variation in the shear deformation modulus for SSC-1 at varying particulate size. 
Although only significant for 55 kPa runs, there is a consistently higher modulus for lower 
particulate material. Further tests should be run on varying grain sizes of SSC-1, but this was 
beyond the remit of this thesis.
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Shear Deformation Modulus for SSC-1 
unsieved and sieved to 400 micron
a4>
<30)rf<Z2
Normal Stress [kPa]
Figure 48 - Comparison of shear deformation modulus for SSC-1 unsieved and sieved to 400 micron
at high density and high pressure.
A more significant comparison exists when investigating the variation of shear deformation 
modulus at varying sample densities, which is shown in Figure 49. For both SSC-1 and SSC-2, 
the samples prepared with a lower friction angle have greater shear deformation modulus. 
Additionally, these low pressure values seem to be nearly linear overall and only changing 
slightly with an increase in normal pressure.
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Figure 49 - Comparison of shear deformation modulus of SSC-1 and SSC-2 at high and low density
under low normal pressure.
When extending these lines further to the higher normal pressure ranges, the resulting plots look 
very different. Figure 50 shows how as normal pressure increases under high density soil 
preparation, both SSC-1 and SSC-2 soils have in increasing shear deformation modulus. There 
was a point along many of the shear strength curves for some individual runs when they were on
the edge of which method to use for determining the shear deformation modulus should be used
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(from Section 3.2.1.3). In each case, the more conservative value was selected, as the alternatives 
were often significantly offline with the other data. This can be seen on the plot at the transition 
point between the low and high normal pressures where the shear strength curves peaked late and 
thereby pushed the shear deformation modulus higher. It is suspected that this peak should be 
more along a parabolic curve from the origin through the remaining points and continuing to 
increase as normal stress increases. However, experiments designed to specifically investigate 
this phenomena would be required to determine this exact relationship. The error bars are also 
plotted to show the variation between the maximum and minimum shear deformation modulus 
found for each run tested under each condition. The larger error bars shown in the middle normal 
pressure values of the figure are a result of the large variation in the results due to the late 
peaking of the shear strength curve and the methodology used to determine the shear deformation 
modulus.
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Figure 50 - Shear deformation modulus for SSC-1 and SSC-2 under high density preparation 
conditions across both low and high normal pressure ranges.
In summary, there are several conclusions that can be drawn from these results. First, shear 
deformation modulus seems to increase with a decrease in friction angle for a specific soil. 
Further, shear deformation modulus is not constant as predicted by many researchers, but instead 
increases non-lineaiiy over a parabolic-like trajectory. As this line is extended under higher 
normal stresses, it can be estimated that the shear deformation modulus would be nearly constant. 
It is under high normal pressures, such as large vehicles, that this would be considered. However, 
for microrover class vehicles, a constant (or even a linear) approximation for the increase in the 
shear deformation modulus is not appropriate. Similar to the variation of friction shearing 
strength of soil with relative density and the use of the related friction angle and cohesion values 
only under conditions similar to those tested, the shear deformation modulus is also only 
applicable in a range similar to that which it was tested under.
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4.5. Chapter Summary
Chapter 4 presents the results of the selection and classification of two new Martian soil 
simulants: SSC Mars Simulants 1 and 2 (SSC-1 and SSC-2). Initially, SSC-1 was chosen as a 
quartz-based sand due to its use as a planetary analogue in many other cases. SSC-2 was chosen 
as a gamet-based sand due to its extremely fine grain size and surface roughness. In both cases, 
the particle size distribution relates to the estimated particle size range found in different areas of 
the Martian surface. Once initially catalogued and classified, the mechanical soil properties were 
tested.
These tests primarily focused around the critical shearing strength of each soil. Two methods 
were cited as accepted practice for classifying the soils from the shear strength test results: the 
tangent (instantaneous) and secant (effective) methods. Each of these methods were utilised for 
each soil simulant prepared under high and low relative density conditions, and tested under high 
and low normal pressures. The variation between the tangent and secant methods when solving 
for friction angle was sometimes small (such as in the traditional high density and high normal 
pressure cases), but was significantly different in low normal pressure cases (as high as 36.5% for 
high density SSC-2). Furthermore, the non-linearity that exists in the resulting tangential friction 
angles under low and high normal pressure cases show that the traditional linear Mohr-Coulomb 
relationship is not valid. This is due to the effects of the shear dilatancy and non-linear plasticity 
of compressible soils. This non-linearity in the determined mechanical soil properties is 
considered a strong case for why microrover mobility prediction models are not accurate. The 
generically accepted soil properties tested under high density and high normal pressure 
conditions may not provide the desired results compared to a more applicable properties of the 
soil under low density and low normal pressure conditions.
Additionally, the discussion of relative density itself on the estimation of shearing strength was 
considered. The results show that an increase in shearing strength for soil is found as relative 
density increases. However, no direct relationship can be inferred between the friction angle (or 
cohesion) of a material and a variation in relative density. This is due to factors associated with 
finer materials, such as die bulk cohesivity of fine particulate material.
Furthermore, previous consideration of the shear deformation modulus being constant has been 
shown untrue through the experimental results. In fact, the resulting shear' deformation modulus 
shows a non-linear relationship, especially at lower normal pressures. Though it may be 
considered near-constant at very high normal pressures (testing conditions traditionally used in 
civil engineering practice), there is a significant drop in this value at low normal pressures. 
Therefore, generically accepted shear deformation modulus values for a specific soil must be 
used with caution. Instead, determination of tire shear deformation modulus should be made
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through experimental testing under soil conditions similar to those expected by the vehicle being 
studied.
Each of these results shed new light on the area of microrover mobility. Chapter 5 will further the 
experimental testing with specific application of a leg segment sliding through soil. The results of 
which will be compared to the mechanical soil properties determined above and mathematical 
models will be extrapolated.
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5. Moving Leg Experimentation
Chapter 5 presents the movement of a single robot leg in soil, and the associated forces on the leg 
from those soils. Of specific concern is the horizontal force of the soil on the back face of the leg 
shaft. This force is similar to the resistive force of ploughs or blades pushing through soil and is 
defined as draught force ( F D ), as first introduced in Section 3.1.3.
hi order to perform these experiments, a test bin was built to contain the soil, in which a leg shaft 
was pushed. An industrial robotic arm was utilised for finite control of the leg segment and 
pressure sensors captured the force of the soil on the moving leg. Leg displacement, both 
horizontally and vertically, was also acquired through use of a motion capture camera system. 
Various tests were conducted on the two reference soil simulants, SSC-1 and SSC-2, including 
moving the leg segment at a constant height, as well as tests allowing the leg to sink naturally 
with horizontal motion depending up on the normal force applied.
The following sections of this chapter detail these experimental investigations and summarise the 
key results. The key results will then be used as validation for the simulation proposed in the 
following chapters.
5.1. Experimental Setup
The experimental infrastructure was developed to ensure accurate measurement of soil 
displacement forces on a leg segment moving through soil. There were three primary components 
to this setup: the soil bin, a leg segment assembly with controller, and the data acquisition 
hardware/software. Each of these will be discussed in detail in the following sections.
5.1.1. Soil B i n
When constructing the soil bin, it was essential to ensure that there was no interference between 
the soil and the bottom or side walls of the bin during testing. The logarithmic spiral method 
proposed in Section 3.1.3.2 was utilised to ensure the collapse zone of the soil did not interfere 
with the bin boundaries.
When initially investigating both planetary and naturally occurring Earth-based soil, it was 
expected that the highest internal friction angle for granular, compressible soils that would be 
encountered would be approximately 42°, which is the average friction angle of lunar soil tested 
during the Apollo missions (Carrier et a l, 1991). Considering the results expressed in Section 
4.4, the friction angle was found to be as low as 34.76°, as in SSC-1 soil and as high as 57.23°, as
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in SSC-2 soil. However, these results depend upon the calculation method and sample 
preparation conditions considered.
When considering shear deformation regions of soil, the log spiral method (introduced in Section 
3.1.3.2) is used to determine the minimum dimensions of the soil bin. This method considers 
only the friction angle within the shearing strength of a soil. Since the normal pressure could vary 
significantly (and thus the friction angle if the secant method is used) the tangential method 
should be used. The tangentially defined friction angle for SSC-1 ranges between 34.96° and 
43.97° and 40.94° and 43.34° for SSC-2.
The leg would be loaded to no more than 4 kg during horizontal testing. Using standard 
Bemstein-Bekker pressure-sinkage relationship expressed in Section 3.1.3.3, a 0.04 m wide leg 
segment compressed under a load of 4 kg would have a sinkage of 0.029 m, under traditionally 
accepted pressure-sinkage values for sand. Experimental determination of these values was 
outside of the remit of this thesis. From this depth, the log spiral method is applied to determine 
the shear region of the soil. As such, r0 is found to be 0.027 m and the maximum depth of the 
shear zone is 0.120 m. The collapse zone reaches 0.343 m for a horizontally moving blade in soil. 
Considering the full minimum to maximum range of possible friction angles, the MATLAB plot 
in Figure 51 shows the collapse zone of the soil under all soil conditions under a 4 kg load.
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Figure 51 - Soil displacement zones for a 4 kg load on a 0.04 m. wide leg in SSC-1 soil with the lowest 
friction angle (black) and SSC-1 soil with the highest friction angle (red).
Additional to the horizontal considerations of the soil bin size, maximum depth is also of interest. 
Although the above formulation would be valid for any soil bin at least 0.012 m, the bin may be 
used for other legged vehicle testing as well. As this thesis is considering legged microrover, a 
maximum mass of the vehicle considered is 35 kg. A 35 kg legged vehicle distributing its mass 
unevenly across the legs could not apply more than 35 kg to a single leg. In this orientation, a 
single leg holding the weight of the entire vehicle, a sinkage of 0.251 m is achieved. Considering 
as estimated pressure-sinkage values for sands, the soil is affected as low as a depth of 0.342 m. 
For the width of the shear collapse zone around a vertically moving pressure area, the
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horizontally affected distance is represented by the curved dashed line or the vertical dotted line 
in the log spiral plots, depending upon which methodology is considered. The greatest distance 
from the leg where soil would collapse is around 0.4 m to either side of the leg. Therefore, a 
0.040 m wide leg would require a soil bin at least 0.84 m wide to allow accurate test soil response 
without interference of the soil bin walls. Figure 52 shows the collapse zone for the smallest and 
largest friction angle of SSC-1 and SSC-2 that will be used in the experimental work.
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Figure 52 - Simulation plot of a 4 cm leg in SSC-1 and SSC-2 soil under 35 kg load.
The soil bin was then designed and built as a 1.5 m x 1.5 m box with walls 45 cm tall to ensure 
that it was large enough not to interfere with the soil collapse zones. A diagram of the segmented 
bin is shown in Figure 53.
Figure 53 - Segmented soil bin used in leg experiments.
It was segmented into three areas to allow for various sized testing regions, flexible depending on 
the test being conducted. The primary segment was designed to be 0.9 m on a side to ensure the 
area was wide enough for a full deep sinkage test without the side walls interfering with the shear 
deformation of the soil. A longer test bin was then created down the remaining length of the bin
to allow for future developments in single wheel testing for microrovers in soil (Brunskill and
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Lappas, 2009). The final segment filled the remaining area to create a smaller test area to use as 
needed. Additionally, the full size can be used as a non-segmented test area.
For the single leg tests, only Area 1 was used, which measured 0.9 m  on each side. This 
surpassed the horizontal requirements of a leg moving through the soil such that the bin walls did 
not interfere with the deforming soil for the worst case friction angle. This also provided 
additional distance for horizontal movement of the leg in the soil bin.
5.1.2. R o b o t  L e g  S e g m e n t  A s s e m b l y
A  leg segment was designed and built in order to determine the soil forces on a single leg moving 
through soil. Through a trade study conducted during the Bionics and Space Systems Design 
Contract, a vehicle concept was designed with 4 cm wide leg segments (Ellery et al., 2005c). 
This was the initial baseline for consideration when developing these experiments and further 
vehicle proposals. Considering this initial baseline and the sensor dimensions (detailed in the 
following section), a 4.4 cm leg segment width was selected for the leg segment experiments.
The 0.044 m  square segment was cut to 0.3 m  long and both ends were capped. To the top cap 
was attached an M10 bolt to hold mass plates. By placing weights on the top of the leg shaft, 
various contact pressures can be achieved while the leg is displaced horizontally. Figure 54 
shows a schematic diagram of this assembly.
The leg segment assembly was then attached to the end of a Mitsubishi MELFA RV-1A robotic 
arm. The MELFA arm provides accurately controlled movement of the leg segment pushing 
through the soil. This 6-DOF arm was mounted to a ground-based surface platform at the height 
such that the arm could reach over the side wall and down to the surface of the soil when the soil 
bin is filled, but that it could also lift quite high above the soil bin as needed. The robotic arm 
holding the leg segment is depicted in Figure 55.
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Figure 55 -  a) Leg segment assembly attached to the MELFA RV-1A robotic arm and 
b) the trajectory of the leg arching through the soil after a single run.
The arm was programmed to move at the slowest achievable speed between a series of pre­
selected positions. Moving at a slow speed would allow the true soil force to be determined, with 
only negligible effects due to leg velocity. These positions would push the leg through the sand in 
the bin along the same path that a 3-DOF robotic leg would follow when stancing, starting from 
one end of the soil bin and arching over to the other end.
Pushing the leg segment through the soil is not enough to determine the soil forces. Pressure 
sensors, horizontal motion and vertical sinkage all must be known to build an accurate model. In 
order to collect this information, several sensors were required and are described in the following 
section.
5.1.3. Sensors a n d  D a t a  Acquisition
There are three primary samples of data that were collected to accurately develop a method for 
modelling the forces on a leg in soil. The first required data point is the force or pressure at the 
front face of the leg segment when moving through soil. The second is the depth at which the leg 
has sunk at the time the force is determined. The third is the horizontal position of the leg 
segment to determine when/if the leg will be close enough to the bin side wall to cause additional 
forces on the displacing soil. Acquisition of each of these data points is achieved through various 
sensors, as described in the following sections.
5.13.1. Force Measurement and Calibration
The leg segment was fixed with a force sensing resistor (FSR) from Interlink Electronics. The 
force sensing resistor was selected for this experiment due to its low cost, flexibility of use and 
shape. The design decision was made early in this project to consider a 4 cm leg shaft for the 
legged vehicle design. These and other design considerations are detailed in Chapter 7. Due to 
this design requirement, a sensor of sufficient size was to be selected. The use of a 6-DOF 
force/torque sensor was also considered. However, this would only measure the force on the leg
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in the direction it was moving. Flexibility to use an FSR on each face of the moving leg allowed 
for the collection of soil force data acting on all sides of the leg.
The force sensing resistor selected was the 406 model, which is 4.4 cm by 4.4 cm square. Other 
models exist that are smaller circular models (as small as 5 m m  diameter), however it is 
suggested to use a sensor as close to the size of the contacting surface area as possible (Interlink 
Electronics, 2008). Smaller sensors were also tested, but did not register any force when pushing 
through soil, so the overall pressure on the small sensors was lower than the break force of the 
sensor. More technical information about the force sensing resistor can be found in Appendix A.
43.7 mm
a) —•—  7.2 mm b)
Figure 56 -  a) A diagram of the Interlink FSR-406 and b) the sensor attached to the leg segment.
The FSR-406 measured the pressure of the soil on the leg during horizontal displacement of the 
moving leg segment. The sensor was mounted as low as possible on the forward moving face of 
the leg segment, so that it could read soil force data at very low sinkage. Figure 56 shows the 
schematic of the FSR-406, as well as a depiction of it mounted to the leg segment.
5 .1 .3 .1 .1 . Sensor A m plifier and D ata Acquisition
The force sensing resistor changes the voltage flow across it as pressure varies. When no pressure 
is applied to the sensor, the resistance of the sensor is in the millions of ohms and the voltage 
across the sensor is 0 V. As an increasing pressure is applied, the resistance of the sensor 
decreases and the voltage across the sensor increases until a minimum resistance is reached. 
Preliminary tests showed that the minimum achievable resistance of the sensor was 350 Q. 
However, when attached to the leg segment and submerged deep in soil while pushing 
horizontally through that soil, the minimum resistance was 1500 Q.
A  data acquisition board was needed to read the voltages across the sensor. The sampling rate of 
this board did not have to be very high, as the rate of moving soil in front of the sensor did not
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change rapidly. Acquiring 10 samples per second would be sufficient to see the change in soil 
force at slow speeds. A National Instruments USB-6008 was selected as it was well within the 
specifications (maximum of 10,000 samples per second) and it was also a low cost option. The 
detailed specifications of the USB-6008 can be found in Appendix C.3.
Utilising the 5 V output power source of the USB-6008, a circuit was designed to amplify the 
output voltage through the sensor to ensure the full input range of the data acquisition board is 
utilised. As the input range on board is 0-10 V in single-ended mode, an amplifier of up to 2 
times the input voltage may be required. Additionally, the upper and lower voltage range was not 
expected to be reached due to the limits of the pressure sensor (as noted above, the lowest 
expected sensor resistance was 1500 Q). Therefore, a circuit was designed to highlight the 
expected middle-range voltages without exceeding the 10 V limitation of the data acquisition 
board. Initially based on basic examples included in the FSR specification guide, a more detailed 
and flexible model was developed. A dual-inverting op-amp circuit was designed with various 
potentiometers to ensure fine-tuning of the gains to provide optimal use of the 0-10 V data 
acquisition input range. The LM358 op-amp was recommended by the FSR manufacturer as a 
low-cost and easily implemented op-amp solution. This circuit was designed in P-SPICE and a 
schematic of the circuit can be found in Figure 57
Vout
R FSR
VCC Gnd
Figure 57 -  Schematic diagram of the circuit designed for amplifying current (image courtesy of T.
Frame).
The simplified equation of this electrical circuit design is as follows:
Vout = Vcc R2 {R4 + R5)(RS + R9) 
(r fsr+R2) R3 (R6 + R7) (56)
The electrical simulation in P-SPICE was used to estimate the required resistance inputs. 
However, this electrical simulation provided slightly different results to the simplified equation, 
as well as when fully implemented into the experimental circuit. Therefore, minor tuning of the 
potentiometer resistances were required to ensure the output voltage range was not exceeded 
during maximum and minimum loading. Table 23 summarises the resistors were used for this
experiment.
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Table 23 -  Table of experimental circuit resistances.
Resistor
Number
Component
Model
Resistance
[HI
R6 102 996
R7 103 9.96k
R8 103SO 7.81k
R9 682 6.83k
Resistor
Number
Component
Model
Resistance
[ S I ]
Rfsr FSR-406 350-5M
R2 751 745
R3 103 9.99k
R4 103SO 9.40k
R5 682 6.83k
The final circuit design is shown below. Four identical circuits were built onto a single printed 
circuit board (PCB), allowing up to four FSRs to be connected in parallel in order to take 
multiple readings simultaneously. The wires at the left connect to the source power and FSRs, 
while the wires at the top connect to the data acquisition board for reading the final output 
voltage across the circuit. For this experimental work, only one FSR was calibrated and used for 
all tests to ensure consistency of results.
Figure 58 -  The implemented circuit for amplifying the output voltage across the force sensing
resistors.
5.I.3 .I.2 . Calibration
Using the sensor and data acquisition hardware introduced in the previous section, the sensor was 
calibrated statically using weights and pressure plates with varying widths. A static calibration 
methodology was considered instead of dynamic loading due to the slow moving nature of the 
leg in the soil. Additionally, dynamic conditioning could have been used to improve reception of 
the shearing forces of the soil on the leg segment, but the shearing forces would be negligible on 
the front face of the leg so it was deemed unnecessary (Hall et al., 2008). Similar calibration 
techniques have been proposed and validated by other researchers (Jensen et al., 1991).
The pressure plates were as wide as the test area of the sensor and of increasing height, thereby
simulating various stages of increased sand coverage area across a sinking sensor. The plate 
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dimensions are shown in Table 24. Mass plates were used to statically calibrate tire sensors. The 
masses used and the associated force due to gravity is shown in Table 25. Each plate was 
calibrated using each mass and multiple tests were run initially to ensure minimal variation in the 
calibration output.
Table 24 -  Pressure plate sizes for vertical calibration of FSR-406.
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Plate Width[mm]
Height
[mm]
A 37.8 36.4
B 35.9 30.8
C 36.4 20.2
D 34.4 9.9
Table 25 -  Masses and forces for vertical calibration of FSR-406.
Plate Mass[kg]
Force
[N]
x86 0.091 0.889
x2 0.227 2.225
X 0.499 4.893
h 0.99 9.712
hi 1.98 19.42
h2 2.97 29.14
During calibration testing, it was not possible to reliably stabilise the masses on Plate D due to its 
small footprint area, therefore these readings were negated. The remaining plates were stable 
during calibration. Additionally, preliminary tests with the sensor in the soil showed that the 
maximum load on the soil under deep sinkage would provide significantly less than 29.14 N, 
therefore this mass was negated. The remaining plate-mass combinations were all tested over a 
250 second period of time to examine the variation in sensor output voltage as time increases. 
The output voltage determined by each normal force applied to each pressure plate is shown in 
Figure 59.
Using the above calibration data, a MATLAB simulation was developed to determine the force 
applied to the sensor at a specific height after a specific time. This force was interpolated 
between the two most appropriate plate heights in the calibration data. Time was also considered 
in the simulation to ensure that time effects on the sensor would be accurately included.
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Figure 59 -  Calibration plots for the FSR-406.
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5 .1 3 .1 3 . Soil Build-up Measurement and Calibration
The soil that builds up in front of the leg and above the normal soil line must also be investigated. 
However, as this soil level is constantly increasing while the leg dynamically moves through it, 
utilising the Qualisys system alone will not provide enough data. In order to determine the build­
up of soil, a USB digital camera was plugged into the Qualisys system and the video was 
captured as the position data of the leg was being captured through the infrared cameras. Lines 
were drawn on the FSR every 2 mm to indicate the height of the soil above the base of the leg. 
This system is shown in Figure 60. The time was recorded when every increment on the sensor 
was passed and the increase rate was interpolated across those points. This was compared to the 
actual sinkage data recorded by the Qualisys cameras to determine the actual build-up height of 
the soil in front of the sensor.
Figure 60 -  Build-up of SSC-2 simulant at the end of a constant sinkage test.
The calibration of the soil build-up force on the sensor was completed as the first primary leg 
test, which involved moving the leg horizontally at a constant depth in the SSC-2 simulant. 
Details of this test and the associated results will be expressed in Section 5.3.1.
5.13.2. Position Measurement and Calibration
In addition to the force sensing resistor, the position of the leg segment in the soil, both 
horizontally during motion and vertically as it sinks, must be acquired. Accurate sinkage values 
must be acquired in order to ensure accuracy of the prediction force model, due to the 
relationship between sinkage and soil force.
Consideration was initially taken to use a linear voltage displacement transducer to accurately 
measure vertical displacement. However, as the leg segment would be moving laterally along a
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curved path, as well as sinking vertically, it was considered unnecessarily complex to build the 
required hardware support system to use this method. Another method, object tracking with a 
camera-based motion capture system, is used by the University of Surrey, primarily in 
biomedical sciences to monitor human gait movement. More recently, it has also been used for 
vehicle tracking in the robotics research and was considered for leg tracking in this experiment.
A Qualisys motion capture system was utilised to track the movement of the leg in the soil. Using 
five infrared cameras, the positions of small reflective spheres are tracked in relation to an X-Y-Z 
coordinate frame. These spheres were scattered across the soil to determine the average soil 
height, as well as on the robotic arm to ensure a pure horizontal movement and to the leg segment 
to track the vertical sinkage of the leg segment. This system was calibrated before every run to 
have a tracking accuracy of less than 0.5 mm in three dimensions. Figure 61a shows one of the 
Qualisys cameras used in this experiment. Figure 61b is a graphical representation of the data 
collected by the cameras. In this image, the coordinate frame of the experiment is noted by blue 
dots, the sand by yellow dots and the leg segment itself by green dots. The darkest green dot 
remains at constant height as the tracking marker is attached to the outer leg shaft sliding bracket, 
while the lighter green dots represent tracking markers on the leg shaft that slides vertically into 
soil.
Figure 61 -  a) A Qualisys camera and b) the motion capture of the leg moving through sand.
Use of this system provides not only the horizontal position data needed to track the movement of 
the leg, but also the increasing sinkage of the leg as it slips through the soil. When the Qualisys 
tracking spheres are placed throughout the soil bin and on the leg segment, the full system is 
operational and shown in Figure 62.
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Figure 62 -  The robotic arm and soil bin after having pushed the leg through SSC-2 simulant, with
tracking spheres and video cameras in view.
5.2. Soil Samples
After all of the sensors and data acquisition systems were accurately calibrated, the samples 
could be prepared. Once the resulting soil preparation area was created, it was evaluated through 
surface inspection and sub-surface testing of the sample area. The following sections detail the 
sample preparation and investigation methods used to ensure the samples were accurately 
created.
5.2.1. S a m p l e  Preparation
Each of the methods used to create soil samples provide reasonably repeatable samples. 
However, due to the nature of soils, completely identical conditions can never be achieved when 
building soil samples. This is especially true as sample volumes get larger. Although these 
samples are not completely identical, they are very similar in composition
The soil was prepared in the soil bin under three packing conditions. The first was with soil 
rained into the box. Various pluviation techniques were investigated to achieve a lower density of 
the soil in the soil bin and were summarised in Section 4.3.2.1. Of the investigated methods, a 
curtain raining method was selected above raining over the whole specimen and raining in the 
shape of a column due to its effectiveness in creating repeatable soil samples. Additionally, after 
successful validation of the small raining device introduced in Section 4.3.2.1 and designed to 
lightly rain the sands into the direct shear box, a significantly larger raining device was designed 
for sample preparation for the experiments being conducted in the large soil bin.
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To accomplish this curtain raining method, a large hopper 90 cm across and 65 cm deep at the 
top (45 cm deep at the bottom) with a height of 30 cm was filled with sand (shown in Figure 
63a). The hopper was mounted to casters and pulled on rails while dropping sand along the way 
to create a uniform surface in the large soil bin. This was modelled after the small raining device. 
On a much larger scale, this raining device could cover the full width of the primary testing area 
of the soil bin.
The velocity at which the raining device curtain was moved horizontally was also kept constant 
through use of a 12 V electric winch which pulls the raining device along rails in which the 
wheels are inset. The in-situ density of these samples was determined using the resin 
impregnation technique described in Section 5.2.2.
Figure 63 -  a) The raining device used for creating low density sand samples for draught force 
testing and b) a curtain of SSC-2 being rained into the large soil bin.
An open slit of varying thickness in the bottom of the hopper would rain a thin curtain of sand 
while the hopper moved horizontally across the soil bin area, thereby producing layer upon layer 
of lightly dropped sand. A larger slit thickness increases the sand flow rate, but also increases the 
aeration of the falling sand, thereby slowing it down to the particle’s terminal velocity. This can 
be seen in Figure 63b, as the curtain of sand starts in solid streams that then becomes turbulent 
and aerated as it falls.
The second method for creating a lightly packed sample was through raking. Once the bin was 
filled using the raining method and tests were performed, the sand mass was raked to further 
aerate the soil and create a lightly packed surface sample.
A third method was used for creating a densely packed sample. The filled sand bin was again 
raked to loosen the top 10-20 cm of soil to allow it to become more compressible. Then, a plate 
was cut to the dimensions of the bin surface area and placed on top of the sample. Through this 
top plate, the soil beneath it was compressed and compacted. When the cover was lifted, if the 
sample did not have a flat surface, it was lightly raked and then compressed again until a flat 
surface was achieved.
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5.2.2. Soil Density a n d  L a y e r i n g  Investigation
The resin impregnation technique was developed in the Civil Engineering Department at the 
University of Surrey in the 1990s as a method of determining the in-situ density of a 
compressible soil while causing minimal disruption to a prepared sample. The initial 
development of this technique is detailed and later updated by Clayton, et. al. (Clayton et al., 
1994), but further consideration for very fine grained compressible materials was proposed by A. 
V. D. Bica (Bica, 1991). This procedure was used in the examination of in-situ SSC-1 and SSC-2 
in a large soil bin both after raining and under compacted conditions.
To perform this test and epoxy resin material was blended. The resin suggested in the previous 
publications has minimal expansion when curing, which would otherwise disrupt the soil, and 
was selected for this experimentation as well. The recipe for the resin included 100 parts by 
weight of Stycast W-19 resin and 30 parts by weight of Catalyst 24LV, both produced by 
Emerson and Cuming. A diluent agent called Silquest A-l 100 is added to this mixture at 20 parts 
by weight. Although this increased the curing time of the resin, it thinned out the mixture so that 
it could more easily flow between the compacted sand particles.
Needles were manufactured with a 2.1 mm outer diameter needle with a 1.6 mm inner diameter 
and bevelled at 45 degrees when cut to length at 40 cm. Thin wire wool is inserted into the tip of 
the needle, up to 25 mm, to prevent the backfill of sand up into the needle during insertion into 
the soil as shown in Figure 64a.
Figure 64 -  a) Resin impregnation needle (Bica, 1991) and b) some resulting SSC-1 and SSC-2 
spheres, with 50p piece for size comparison.
The needles are then attached to syringe reservoirs and inserted into the soil mass to the desired 
depth. The resin is then dripped slowly into a syringe reservoir and allowed to flow naturally 
through the needle and into the soil until no further resin is absorbed. Once cured (after 12-24
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hours), the resin sphere is removed from the sand mass and coated in additional resin to 
waterproof the sphere. The resulting spheres can be seen in Figure 64b.
The sphere is then weighed to determine the mass and submerged in water to determine its 
volume. The mass of the impregnated resin is then subtracted from the mass of the sphere and the 
overall density of the soil alone was determined.
, . . mass of sphere - mass of resin
density of soil = ------------------------
volume of sphere >
5 .2 .2 .I .I .  Resin Im pregnation Density D eterm ination of SSC -1
Resin impregnation was used to determine the fabric and density of the SSC-1 soil simulant 
under rained and compacted conditions. During each test, impregnations were made 6 cm under 
the surface as well as 25 cm under the surface. The intention of having varied heights was to 
validate not only the variation in soil density of the preparation method (and thereby consider the 
influence of density on the movement of a leg segment through soil), but also to investigate the 
variation of soil density at increasing depths of the soil. The original mixture ratios described 
above were utilised for both rained and compacted samples, for both deep and shallow tests.
Figure 65 shows two resin spheres with layering. The sphere on the left is under rained 
conditions and the sphere on the right is compacted after raining.
Figure 65 -  Resin spheres of SSC-1 under rained conditions, before and after compaction.
From the images, the layered effect of the raining is emphasised by the spiked layers sticking out 
in rings around the sphere. Eight tests were conducted in total in SSC-1. The deep and compacted 
tests tended to result in smaller spheres due to the lower void ratio and the inability for the resin 
to easily impregnate into the material. In some cases, the flow was so minimal (and the spheres 
so small) that the results were invalidated. To remedy this, additional thinning agent was added to 
the mixture for the deep compacted tests. In doing so, this reduced the viscosity of the material, 
but also extended the curing time of the resin. In the case of one test below, the resin had not 
fully cured after 24 hours and the sphere was damaged during removal from the soil bin. The 
density of each of the layered spheres was determined using the procedure described above. The 
results are shown in Table 26.
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Table 26 -  Table of density results for SSC-1 during resin impregnation testing
Method Depth Mass
[g]
Density
[kg/m3]
Average
Density
[kg/m3]
Rained Shallow 375.14 1371.1
1445.6
Rained Shallow 324.50 1504.7
Rained Deep 283.03 N/A
Rained Deep 391.00 1461.0
Compacted Shallow 366.74 1613.3
1573.3
Compacted Shallow 319.08 1575.9
Compacted Deep 180.03 1571.3
Compacted Deep 358.81 1532.8
The results for the impregnation tests show that the average density for rained SSC-1 is 1445.6 
kg/m3 while the average compacted density is 1573.3 kg/m3. This results in a higher density in 
the compacted material by 127.7 kg/m3. Both averages fit within the bounds of the volumetric 
density tests performed in Section 4.3.2, as shown in Figure 66.
Density Variation in SSC-1
Figure 66 -  Density plot for volumetric and resin impregnation tests performed on SSC-1.
Although the averages fit within the expected bounds set during volumetric testing, the results of 
the density difference between deep and shallow tests did not perform as well. In both the rained 
and compacted cases, the general trend shows that the shallow samples have a greater density 
than the deeper samples. However, this should most certainly not be the case.
It was expected that the thinning of the resin would allow the resin to seep further into the areas 
of the sample with greater voids, i.e. the loose areas of each layer. This was successful and the 
resulting samples were visually as desired, with spikes separating each of the layers within each 
sample.
Closer investigation of the impregnated layers, however, shows that the spikes tend to be formed 
from the finer particulate of the SSC-1 while the valleys tend to be composed of the larger 
particles. This is particle separation within layers is explained as a result of the separation that 
has occurred during raining. Within the falling material, the finer particulate would be resisted 
more by the air than the larger particulate, thereby creating the layers with larger particles
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towards the bottom and smaller ones towards the top. Further compaction of this layer (both fine 
and coarse material) would occur when the next layer was rained down. Therefore the smaller 
particulate would be the upper portion of each layer, but compacted to have less voids (higher 
density) than the larger particulate. Further extrapolation of this shows that the more compacted 
fine particle makes up the spikes, and therefore would raise the overall density of the material. 
Although this seems unexpected, the consideration of capillary action explains how this is 
possible.
Due to the lower viscosity of the thinned resin’s, it would flow not only into the higher void areas 
(such as the larger particulate material), but also through capillary action be more easily absorbed 
around the finer material. Isrealachvili notes that the capillary force for a liquid in particulate 
material is inversely proportional to the distance between the particles (Isrealachvili, 1992). As 
the distance between finer particle is much smaller than that of larger particles (and in greater 
quantity over the same volume), the adhesive/capillary force is greater in finer materials.
This adhesive force is inversely proportion relationship for the distance between particles thereby 
expresses how smaller particles would have a stronger attraction to liquid. In the case of the SSC- 
1 material, this could have been as great as twenty times as much adhesive force attracting the 
resin in the smaller particles (<0.063 mm minimum diameter) as with the larger particles (1.3 mm 
maximum diameter). This results in a higher level of resin impregnation in the finer material than 
in the more coarse material.
This shows that the spikes would have the greater density due to higher absorption through less 
voids and the effect of impregnation into the large particle voids would have a greater effect than 
the capillary absoiption around the fine particles. As further compaction of both fine and coarse 
material occurs at greater depth, the absorption into the particles is more evenly distributed. As 
this would increase the impregnation into the lower density large particulate material, the overall 
density of the full layered sphere would be decreased.
However, if the resin was not thinned as much, it would require more force to pull the resin in 
between the finer particles. The capillary force would not be any stronger in these bonds, 
regardless of the density and the dispersion through the larger particulate material would be more 
homogeneous. This would have also presented a more accurate representation of a solid volume 
within the sample. This is shown in more detail in the following section regarding SSC-2 testing.
5.2.2.I.2. Resin Impregnation Density Determination of SSC-2
The resin impregnation method was then used on SSC-2 simulant to estimate the density of 
rained and compacted samples. It was seen that the highly compacted SSC-2 particulate resulted 
in significantly smaller spheres than the rained SSC-2 or the SSC-1 sands. The voids in the very
121
Moving Leg Experimentation
fine compacted material were not sufficient enough to allow significant resin to be impregnated 
into the material. The addition of another 10 parts of Silquest A-1100 before testing highly 
compacted samples was tested and proved successful, though did further increase the curing time 
of the resin spheres. Even with this additional thinning, many of the tests did not fully absorb the 
full amount of prepared resin. Figure 67 shows two examples of these tests, the larger one 
sampled near the surface and the smaller one sampled from deep in the soil bin.
Figure 67 -  Resin spheres of SSC-2 under rained conditions, impregnated at a high and low depth in
the soil bin.
The results of the resin impregnation density tests on SSC-2 simulant are summarised in Table 
27.
Table 27 -  Table of density results for SSC-2 during resin impregnation testing
Method Depth Mass
[g]
Density
[kg/m3]
Average
Density
[kg/m3]
Rained Shallow 330.55 2155.3
2250.5
Rained Shallow 308.49 2239.9
Rained Deep 374.96 2022.8
Rained Deep 4.45 N/A
Rained Deep 40.45 2488.8
Compacted Shallow 177.22 2448.9
2363.2
Compacted Shallow 132.18 2460.4
Compacted Deep 47.18 2289.3
Compacted Deep 316.12 2369.8
Compacted Deep 19.93 2247.7
The resulting average density for the rained SSC-2 was 2250.5 kg/m3 while the average 
compacted density is 2363.2 kg/m3. As previously, the average compacted density is 112.7 kg/m3 
greater than the rained density, showing that this compaction method created a higher density 
sample. These averages fit within the boundaries set during the relative density tests presented in 
Section 4.3.2 and summarised in Figure 68.
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Figure 68 -  Density plot for volumetric and resin impregnation tests performed on SSC-2.
However, similar to the SSC-1 results, the variation in the deep and shallow sphere densities was 
not as expected. Regarding the rained tests, there were three deep and two shallow tests. In the 
case of the deep tests, one was so negligibly impregnated that the results were negated and 
another had a very small resin impregnation, leading to the need for very precise results. 
Similarly, two of the deep compacted tests provided minimal resin impregnation, as well as both 
shallow impregnations having smaller than normal impregnations. Overall, variations in the 
amount of resin absorbed into the SSC-2 soil had an effect on the results found for the soil. 
Certainly this would not affect the density directly, the smaller impregnations would suffer more 
from minor losses (drops of resin or fractions of a gram that are not accounted for). Additionally, 
for nearly half of the SSC-2 impregnation tests, some very small resin spheres were found nearby 
the impregnated sample. These may have been the result of individual drops being absorbed from 
the surface, or a small portion of a sphere layer falling off during excavation from the soil bin. 
These occurrences were not seen in the SSC-1 tests. All in all, these minor losses would not have 
significant effect on the larger spheres, but would on the smaller spheres.
Further, it is shown in the resulting SSC-2 spheres that the layering is still visible in the 
impregnated spheres, but not to the extent as with the SSC-1 soil. This is due to two factors. First, 
the grain size distribution of SSC-2 is much less variable, thereby not diverging as much during 
raining as the SSC-1 did. Second, any capillary action of the particles absorbing the resin would 
have been similar throughout the more homogeneous sample, as the particle size distribution was 
not nearly as varied.
5.3. Results of Experimental Testing
Various tests were performed with the leg pushing through soil. The first involved keeping the 
leg submerged in the soil at a constant depth just. This would be used to differentiate between the 
force of the soil on the leg both above and below the sand level. The second test allowed for the 
leg to naturally sink deeper in the sand when the arm pushed horizontally across the sand. This 
would be used to measure the increased force on the leg due to slip-sinkage. Experiments were
Density Variation in SSC-2
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performed on both SSC-1 and SSC-2 simulants, prepared in each of the three methods described 
in the previous section (rained, raked and compacted).
5 . 3 . 1 .  F i x e d  L e g  a t  C o n s t a n t  D e p t h
The first test to be run on the leg segment in soil relates to the difference between the force 
applied to the leg due to prepared soil and the force due to soil built up behind a slipping leg. To 
simulate this, the leg was submerged into the soil at a specific depth and moved with minimal 
sinkage across the soil. A constant sinkage of 5 mm was selected, because this would have 
negligible effect on the pressure sensor due to the outer 2-3 mm of the pressure sensor being rigid 
(and therefore this area does not respond to any applied pressure). Additionally, this would give 
enough depth to displace soil in front of the moving leg, which would build up over time. It is the 
soil force of this built up soil that is desired in this experiment.
Researchers studying traditional terramechanics would consider this build-up of soil in front of a 
moving wheel/track to be measured as bulldozing resistance. However, in legged locomotion, 
this build-up would be behind a slipping leg, not in front of a rolling wheel/track. This would 
provide additional tractive capability instead of resisting forward movement, as for traditional 
vehicles.
This test was run only for compacted soil samples, as this method would have the smoothest 
surface when prepared. Rained and raked samples are not completely even on the surface and 
would cause additional error in the results of this test. Further, the build-up that was measured 
would be loose and rolling, so the sample preparation method itself would not have a direct 
impact on the resulting condition of the build-up soil.
5.3.1.1. Results of a Fixed Leg in SSC-1
The constant depth test was performed on a compacted sample of the quartz-based SSC-1 
simulant. Depressed 5 mm into the sample, the leg was moved horizontally at a near constant 
depth. It should be noted that due to differing coordinate systems of the robotic arm, the soil bin 
and the Qualisys motion capture system, a horizontal movement with the robotic arm is not 
necessarily in line with the soil level horizontal. Or it could vary from the coordinate system of 
the frame captures within Qualisys. However, each of these variations was taken into account 
final determination of leg segment sinkage. As such, the resulting sinkage of the leg segment in 
SSC-1, even when moving horizontally, the segment has sunk slightly with regards to the soil 
level. In the results shown below, this relates to an additional 3.5 mm of sinkage when the leg 
moves from the start to end position in the bin.
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The resulting build-up of sand in front of the moving leg climbs as high as 35 mm, though builds 
quickly (over 13.5 seconds) to 28 mm before becoming only a slow increase from that point. The 
resulting force of this soil follows a similar trend in that there is no recordable force on the 
system until approximately 13.5 seconds, when a slow increase in the force on the leg segment is 
registered by the sensor. As the sinkage depth reaches closer to 8 mm, the sensor is registering 
some of the draught force as the leg displaces compacted soil, hence the spikes in the force data 
as the leg approaches the end of the planned trajectory. These results are summarised in Figure 
69.
Soil Displacement Voltage and Soil Force at Constant Sinkage
a) Time (•) b) Time
Figure 69 -  a) The displacement height of SSC-1 at constant sinkage and b) the associated force of
the built up soil on the leg.
Using the static calibration methods discussed above, the relationship between voltage and force 
was determined. The maximum resulting force on the leg due to build-up force (with a small 
increase due to the compacted soil) fluctuates between 0.41 N and 0.17 N. These force spikes are 
a result of the surface of the compacted soil breaking under maximum stress (at the maximum 
beta angle, as defined in Section 3.1.3), before the soil becomes sheared and loosened (when the 
force drops) as part of the built up soil. Figure 70 shows examples of these shearing layers in 
both SSC-1 and SSC-2.
Figure 70 -  Images of the leg segment cutting through a) SSC-1 soil with one layer of sheared soil 
and b) SSC-2 soil with two layers of sheared soil being displaced in front of the moving soil build-up.
5.3.I.2. Results of a Fixed Leg in SSC-2
The constant depth test was also performed on the garnet-based SSC-2 sand. In this test, the 
sinkage also climbs slightly from the start to the finish of the run. The initial sinkage of 5 mm
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increases nearly 3.5 mm while moving through the soil bin. However, this growth is minimal in 
the beginning of the leg segment movement and therefore would not affect the sensor forces until 
near the end of the path.
The overall and build-up height of the soil grows from initial leg movement for the first 17 
seconds before slowing its growth and plateauing at 34.5 mm total height. The sensor, however, 
begins to register a force as early as 7 seconds into the movement. Therefore, the force being 
recorded by the sensor is purely the force of the build-up soil. This force grows sharply at first 
(similar to the growth of the build-up force) and then steadily increases through the end of the 
trajectory. It is suspected that the initial growth corresponds to the build-up force while the 
slower increase at the end is more associated to the draught force caused on the sensor by the 
displacement of the compacted sample. The displacement curves for the soil building up in front 
of the leg, as well as the resulting applied soil pressure are shown in Figure 71.
Soil Displacement Voltage and Soil Force at Constant Sinkage
a) Time (s) b)
Figure 71 -  a) The displacement height of SSC-2 at constant sinkage and b) the associated force of
the built up soil on the leg.
Using the static calibration methods discussed above, the voltage spikes are filtered and a 
relationship between voltage and force was determined. The maximum resulting force on the leg 
due to build-up force (with a small increase due to the compacted soil) is 0.37 N. The resulting 
force spikes caused by the layers of soil shearing under the moving leg segment also exist for 
SSC-2. These spikes occur at a higher frequency than in SSC-1, but tend to be highly variable at 
the upper limits. Once processed through the calibration model, the variation in output force can 
still be seen, with emphasis on the low force conditions after the soil is sheared away.
5.3.I.3. Discussion of Fixed Leg Results
The results show that the build-up of both SSC-1 and SSC-2 simulants do not apply significant 
pressure on the sensor. The FSR specifications state that the break force (the force required to 
initiate a reading on the sensor) is between 20-100 grams (Interlink Electronics, 2008), which 
corresponds to 0.20 to 0.98 N of force. This value varies depending on the FSR model used, with 
the expectation that the break force will be smaller for the larger sensors due to the flexibility of 
the contact surface.
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In the case of SSC-2, the voltage jump starts at 7 seconds into the test, which corresponds to 
12.65 mm build-up height and no additional sinkage. The resulting break force is 0.07 N, which 
is only slightly below the range. Comparatively, the break force of the leg sensor in SSC-1 is 0.10 
N.
Comparing the soil forces of SSC-1 and SSC-2, the average soil force of SSC-2 is nearly twice 
that of SSC-1. This excludes the spike peaks, where SSC-1 has slightly more strength than the 
peak SSC-2 force. The SSC-2 increases towards the maximum much quicker than the SSC-1, 
which slowly climbs to the maximum force. Both, are explained by the higher friction angle for 
compacted SSC-2 (which is in the low 40s when compacted) than the SSC-1 (which is in the mid 
30s when compacted).
Additionally, the higher build-up force is likely caused by the higher density of the SSC-2 soil, 
requiring more force to displace the built up soil. The increase in the build-up force as the 
sinkage of the leg increases slightly over the course of the trajectory can be seen in Figure 72. 
This plot shows that it takes slightly more depth (and thereby a greater build-up of soil) in SSC-1 
to achieve the same resulting soil force from SSC-2.
Horizontal soil force at varying sinkage levels 
for SSC-1 and SSC-2
— 0.2
- SSC-1 • SSC-2
0 1 2 3 4 5 6
Sinkage (nun)
Figure 72 -  The relationship between the build-up force and the sinkage of the leg in SSC-1 (blue)
and SSC-2 (red).
Considering the SSC-2 sinkage to force relationship, the force increases while sinkage increases 
from 4 to 8 mm. At 8 mm sinkage, the force drops off sharply as the leg reached the end of the 
planned trajectory. For SSC-1, the plot is significantly more variable due to the slight fluctuation 
in the soil force throughout the run. However, a similar relationship can be seen as the force 
increases from 5 to 8 mm and peaks at 8 mm where the spiking in the soil force is also seen. 
Without the spiking due to the shearing regions of SSC-1, the maximum soil force would have 
remained around 0.2 N, instead of spiking to 0.4 N, as shown in Figure 72. There appears to be 
more unexpected spiking in the soil force response for SSC-1, which can be verified in Figure 69.
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This resulting relationship between build-up height and pressure applied to the moving leg can be 
considered in the future tests involving the leg moving through soil with a slip-induced sinkage. 
However, the resulting force is exceptionally small in comparison to results presented in future 
sections. Therefore, this small variation could be lost in the noise of larger draught forces caused 
by deeper sinkage in the soil samples. Therefore it is not considered as a separate force in future 
calculations and experimental analysis.
5 . 3 . 2 .  S l i d i n g  L e g  a t  V a r y i n g  N o r m a l  P r e s s u r e s
The second series of tests that were conducted involved the leg kept loose within the slider 
bracket, allowing it to sink deeper in the sand when being displaced horizontally. This additional 
sinkage due to a moving leg (or the slipping leg of a walking rover) can be tracked by the 
Qualisys motion capture system.
When the leg is pushed through the sand with the slider bracket loose, the leg shaft sinks further 
into the sand as horizontal displacement increases. This occurred in both simulants and can be 
seen visually for SSC-2 in Figure 73. The build-up that has collapsed on the far-side of the image 
is quite shallow, while collapse on the near-side of the image is much greater, showing deeper 
sinkage at the end of the trajectory.
Figure 73 -  The track of the leg after a single run in densely compacted SSC-2 simulant, moving left
to right and kept loose in the slider bracket.
Three different normal pressures were applied to the leg segment to investigate relationship 
between normal force and slip sinkage. The first was only the leg segment mass itself (at 868 
grams, which provides a surface pressure of 4.4 kPa at normal Earth gravity), the second was 
with 2 kg added to the leg segment (resulting in 14.7 kPa) and the third was with 4 kg added 
(resulting in 24.8 kPa). The following sections detail the effect of varying the normal pressure of 
a free-sliding leg in SSC-1 and SSC-2 simulants.
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5.3.2.1. Varying Normal Pressure in SSC-1
In order to determine the relationship between the normal pressure of a leg and the resulting 
sinkage and soil force, an experiment was run with the leg segment left loose in the sliding 
bracket. The leg segment is then lowered slowly until it rests on the soil, usually just below the 
soil surface and this initial sinkage is measured and recorded. The leg is then started on its 
trajectory towards the end of the soil bin, with both the vertical and horizontal positions of the 
sliding leg segment and the fixed leg slider joint being recorded. As the leg moves horizontally, it 
naturally sinks deeper into the soil. The resulting sinkage and soil forces are captured throughout 
the trajectory and build-up height is also recorded. These tests were run for sand samples created 
through raining, raked and compacted conditions. Each of the results is presented in the sections 
below.
5.3.2.1.1. Leg Response in Rained SSC-1 Sample
Following the procedures outlined in Section 5.2.1, rained samples of SSC-1 were created in the 
soil bin. The leg segment was lowered and moved through the rained soil and the leg position, 
soil force and build-up height was recorded. Figure 74 shows the results of this test when no 
additional mass is loaded to the leg segment (4.4 kPa normal pressure) and Figure 75 shows the 
results of this test when 2 kg is loaded to the leg segment (14.7 kPa normal pressure).
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Figure 74 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in rained SSC-1 simulant with a leg contact pressure of 4.4 kPa.
In the 4.4 kPa test, the sinkage slowly increases along the trajectory of the moving leg segment. 
As such, it does not sink low enough to cause any clear soil force. Nearly 30 seconds into the 
trajectory, the leg has sunk nearly 10 mm into the soil when the effect of soil force are registered 
on the sensor. This only increases significantly as the leg approaches the end of the trajectory and 
the displacing soil is affected by the side wall of the soil bin. In this thesis, this interference 
between the displacing soil and the soil bin is called a shear zone infraction and labelled on 
figures as such throughout this thesis. This line is determined through visual inspection of the 
deformation region of the soil during displacement, and may not be accurate to the second.
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However, it shows is a good representation of the effect of the boundary layer effects of the soil 
bin.
Soil Displacement
b) Time (s)
Figure 75 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in rained SSC-1 simulant with a leg contact pressure of 14.7 kPa.
Regarding the 14.7 kPa test, the sinkage increases much faster with the increased normal force. 
Nearly 8 seconds into the experiment, the leg had sunk more than 10 mm and began to register a 
soil force on the sensor. This force continued to increase through the trajectory until the sinkage 
began to level off around 40 seconds, ending with a soil force around 9 N.
5.3.2.1.2, Leg Response in Raked SSC-1 Sample
Following the procedures outlined in Section 5.2.1, raked samples of SSC-1 were created in the 
soil bin to conduct the second set of free-sliding leg tests on this simulant. The same procedure 
was followed as described above and the leg segment was lowered slowly into the raked soil until 
it came to rest. The initial sinkage was recorded, and the leg segment was moved through the soil 
on the pre-determined trajectory. The test was repeated at three different normal pressures and 
the soil force and sinkage data was collected. Figure 76 shows the soil displacement and soil 
force for the 4.4 kPa normal pressure run, while Figure 77 and Figure 78 show the same results 
for the 14.7 kPa and 27.8 kPa runs, respectively.
Soil Displacement
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Figure 76 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in raked SSC-1 simulant with a leg contact pressure of 4.4 kPa.
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In the low normal pressure experiment, the sinkage does not rise immediately, but slowly over 
the first 10 seconds, before accelerating slightly until the sinkage begins to level off around 40 
seconds. Although a small amount of soil force is detected from 11 seconds, the significant 
increase in soil force is seen from approximately 17 seconds, which is when the sinkage level 
increases above 10 mm. The soil force increases dramatically around 41 seconds, when the shear 
zone is affected by the soil bin side wall boundary, with a maximum soil force of 3.2 N.
Soil Displacement Voltage and Soil Force at Constant Sinkage
Figure 77 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in raked SSC-1 simulant with a leg contact pressure of 14.7 kPa.
In the median normal pressure experiment, the sinkage increases at a slow rate as the leg moves 
through its horizontal trajectory until it begins to plateau just above 33 mm around 35 seconds. 
This late plateau is also evident in the ever-growing soil force until near the end of the leg 
segment trajectory, when it peaks around 7.7 N.
Soil Displacement Voltage and Soil Force at Constant Sinkage
Figure 78 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in raked SSC-1 simulant with a leg contact pressure of 24.8 kPa.
In the high pressure experiment, the sinkage increases much faster than the median normal 
pressure test did initially, which would be expected due to the higher initial sinkage. The sinkage 
peaks at 35 mm, which is only slightly higher than the previous run. However, the resulting 
normal force is much lower, peaking only at 5.6 N, compared to 7.7 N in the previous run. This 
slight inconsistency could be due to minor imperfections in the soil preparation method when 
raking the soil for this experiment (or in the previous one). Unfortunately, as soil conditions are 
never completely homogeneous nor exactly repeatable, minor variations such as these should be
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expected. However, it is interesting to note that the maximum achieved sinkage has still increased 
with an increasing normal pressure.
Another interesting result to note is that the sinkage in this experiment was always greater than 
the build-up height of the soil in front of the moving leg. Given the high normal force, it is not 
surprising that the sinkage would be significant. Additionally, the build-up height is not directly 
related to the normal pressure, but only the mechanical properties of the soil and its ability to 
build up to a point before collapse.
5.3.2.I.3. Leg Response in Compacted SSC-1 Sample
Following the procedures outlined in Section 5.2.1, compacted samples of SSC-1 were created in 
the soil bin. The free-sliding leg was horizontally moved through the soil along the pre-designed 
trajectory. The results of the low normal pressure test are shown in Figure 79, while the median 
and high pressure tests are shown in Figure 80 and Figure 81, respectively.
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Figure 79 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in densely packed SSC-1 simulant with a leg contact pressure of 4.4 kPa.
In the low normal pressure experiment, the sinkage remained very low throughout the test. The 
leg segment only just broke the surface of the soil after nearly 10 seconds into the experiment, 
and then sunk at a slow but constant speed until the end of the run. Only after 26 seconds (at a 
sinkage of 7.5 mm) was there any recognition of soil force on the leg segment. Even at the 
maximum sinkage of 14 mm, the total soil force was only 1.0 N.
One significant result is that the data show the force spikes as the moving leg is breaking shear 
regions of the soil. The moving leg will compact the soil in front of it until the soil can no longer 
take the force, and it is displaced (at the beta angle, as described in Section 3.1.3.4). When the 
soil collapses (and is lifted upwards into the collection of built up soil), the force required to 
compact the next segment of soil is smaller and again builds as the soil is being further 
compressed, when the process repeats itself.
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Voltage and Soil Force at Constant Sinkage
a) Time (s) b) Time (s)
Figure 80 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in densely packed SSC-1 simulant with a leg contact pressure of 14.7 kPa.
The median normal force experiment shows similar results to that of the low normal pressure test. 
Like the previous, there is still a delay in the soil breaking through the surface of the compacted 
soil. In this test, however, the sinkage increases much faster once the surface compaction is 
broken. After about 10 seconds, when the sinkage had reached 6 mm, force readings were being 
recorded by the sensor.
The force spikes are even more evident throughout the median normal pressure test than in the 
previous run. Unfortunately, due to technical problems with the force sensor data acquisition 
hardware, the force data of the full run was not captured even though the leg and soil position 
data was. The first 27 seconds of the run contains the full data, while the extrapolation through 
scattered data points that were captured (at 30.6, 33.2 and 39.1-39.5 seconds) still show the 
expected plateauing of the soil force as the total sinkage begins to level off. The majority of this 
data is still of interest and applicable for analysis.
Soil Displacement Voltage and Soil Force at Constant Sinkage
Figure 81 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in densely packed SSC-1 simulant with a leg contact pressure of 24.8 kPa.
The high normal pressure test under compacted conditions was the last conducted in SSC-1 soil.
Similar to the other compacted tests, the horizontally moving leg took several seconds of sliding
on the compacted surface before catching the soil and beginning to sink. Once partially
submerged, the rate of increase was quite rapid at first, then somewhat linear before starting to
level off shortly around 40 seconds. This is also reflected in the soil force data, which shows a
steady but rapid increase until nearly 40 seconds where the average soil force levels off. It is also 
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evident in this data that the magnitude of the force spikes increases with an increase of sinkage, 
which is a logical expectation due to the increased volume of soil that must be moved in front of 
an ever-sinking leg segment.
5.3.2.2. Varying Normal Pressure in SSC-2
Upon completion of the range of tests with the SSC-1 simulant, the SSC-2 simulant was utilised 
in the soil bin for comparative testing. The following section describes the results of the SSC-2 
tests.
5.3.2.2.I. Leg Response in Rained SSC-2 Sample
Following the procedures outlined in Section 5.2.1, samples of SSC-2 were created using the soil 
raining method. Utilisation of the raining method for SSC-2 proved to provide inconsistent 
results in the surface texture of the samples during preparation, which has had an impact on the 
resulting output. It was expected that the surface was not going to be completely flat. However, 
the additional complication of inconsistent flow rate across the curtain when raining was 
unexpected. This caused higher soil levels on the sides of the soil bin and a lower surface level in 
the middle of them bin. When moving the leg through this curved surface, the contour of the 
surface was taken into account, but this has caused variation in the expected trajectory of the 
slipping leg in the case of both experimental tests. Figure 82 shows the soil displacement and 
associated soil force for the 4.4 kPa test and Figure 83 shows the results for the 14.7 N test. In 
both cases, only the first 30 seconds of data was considered reliable due to significant variation in 
the soil level.
Soil Displacement Voltage and Soil Force at Constant Sinkage
Figure 82 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in rained SSC-2 simulant with a leg contact pressure of 4.4 kPa.
In the 4.4 kPa run, the contour of the rained SSC-2 was significant and the leg was travelling 
down an incline during portions of the run. The variation in this soil surface height was taken into 
in the sinkage calculation, which is also reflected in the soil force variation. The sinkage peaks 
with regards to the sample surface around 15 seconds at just over 7 mm, which relates to a soil 
force of 0.6 N. As the sinkage level begins to drop with the contour of the surface around 26
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seconds, the build-up soil is climbing significantly as well, which spikes the output voltage and 
relates to a soil force of 0.4 N. However, as the sinkage level continues to fall, the soil force 
drops off significantly, even with the large build-up soil.
Soil Displacement
a) Time (s) b)
15
Time (s)
Figure 83 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in densely packed SSC-2 simulant with a leg contact pressure of 14.7 kPa.
Similar issues were encountered with the 14.7 kPa normal force experiment with regards to SSC- 
2 surface contours. In the case of this run, the initial sinkage was 9 mm at the start, due to the 
higher normal pressure. However, when moving through the soil, the surface level dropped faster 
than the sinkage rate should have increased and is therefore “rising” with respect to the soil 
surface. Even with this sinkage decrease, the addition of the soil build-up during soil 
displacement causes a small amount of results in a soil force applied to the leg from about 8 
seconds into the run. This almost immediately peaks and begins to fall off as the sinkage 
decreases, with a final soil force reading at 22 seconds and 3 mm sinkage. At this low level, the 
entirety of the soil force would be applied by the build-up soil, which then begins to fall itself.
Overall, the results from this test were a success, even considering the poor performance of the 
raining device. The sinkage-force relationship for the soil under rained conditions is extrapolated 
in Section 5.3.2.3.
5.3.2.2.2. Leg Response in Raked SSC-2 Sample
Following the procedures outlined in Section 5.2.1, samples of SSC-2 were created using the 
raking method to conduct the second set of free-sliding leg tests on this simulant. As previously, 
the leg segment was lowered slowly into the raked soil until it came to rest. The initial sinkage 
was recorded, and the leg segment was moved through the soil on the pre-determined trajectory. 
The test was repeated at three different normal pressures and the soil force and sinkage data was 
collected. The results for the low normal pressure test are shown in Figure 84, while the median 
and high normal pressure runs are presented in Figure 85 and Figure 86, respectively.
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Figure 84 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in raked SSC-2 simulant with a leg contact pressure of 4.4 kPa.
For the 4.4 kPa run in raked SSC-2, the initial sinkage was recorded to be 4 mm. Almost 
immediately, the soil build-up increased while the sinkage increased slowly until 35 seconds into 
the trajectory when it plateaued around 12 mm. The immediate soil build up caused a small soil 
force from 7 seconds into the run, while the stronger soil force did not register until the sinkage 
level approached 10 mm around 30 seconds into the run. The final peak in the soil force output is 
expected to be a force spike as the soil in front of the leg is compressed to its maximum point and 
sheared along the beta angle. This maximum peak force is 2.4 N at 12 mm sinkage.
Soil Displacement
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Figure 85 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in raked SSC-2 simulant with a leg contact pressure of 14.7 kPa.
The second run was completed with 14.7 kPa normal pressure on the free-sliding leg in raked 
SSC-2 soil. This run started at an initial sinkage of 3 mm and, after an initial stall where no 
additional sinkage was gained, sunk steadily for the first 30 seconds of the experiment, before 
levelling off at 25 mm depth. The resulting soil force rose steadily as the sinkage increased 
before spiking twice towards a maximum soil force of 11.5 N.
The final test in raked SSC-2 soil was run at the high normal pressure of 24.8 kPa. The leg did
not immediately sink, but did so after a few seconds and continued a slow and steady increase
through the entirety of the run. Throughout the trajectory, many force spikes were encountered as
the soil was compressed and collapsed under the horizontal movement of the leg segment. The
soil sample created for this run is likely to have been slightly less loose (more compacted) than
the previous raked run, which would explain the slower sinkage rate and the increased number of
force spikes. When the leg segment reached the end of the trajectory, it is suspected that the 
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sinkage level had not reached its lowest point and would have continued sinking if the soil bin 
would have allowed further travel of the leg segment. However, at the lowest achieved sinkage of 
just under 30 mm was achieved, with a resulting soil force of 10.7 N.
Soil Displacement
a)
Figure
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86 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in raked SSC-2 simulant with a leg contact pressure of 24.8 kPa.
5.3.2.2.3. Leg Response in Compacted SSC-2 Sample
Following the procedures outlined in Section 5.2.1, compacted samples of SSC-2 were created 
and tested with a sliding leg at 3 normal pressures. The free-sliding leg segment was moved 
horizontally through the soil on its pre-designed trajectory after measuring the initial stationary 
sinkage. Four tests were run in all, which included two low normal pressure runs to validate the 
repeatability of these tests.
Two runs were made for the low normal pressure tests to compare the output data and validate 
the compaction sample preparation method provided similar results under the same conditions. A 
summary of the key results from these runs is shown in Table 28.
Table 28 -  Comparison of the results of the low normal pressure (4.4 kPa) experiment
First Run Second Run PercentDifference
Initial Sinkage 0 mm 0 mm 0%
First Pressure Reading 24.4 s 22.8 s -6.50%
Maximum Total Soil Height 41.4 mm 46.0 mm 11.1%
Maximum Sinkage 17.1 mm 14.5 mm -15.2%
Maximum Soil Force 2.0 N 2.4 N 20.0%
Although some variation exists in these runs, the difference is quite small. The largest variation is 
the soil force, which only varies by 0.4 N, which has previously been classified as insignificant 
system noise (Section 5.3.1). The results for the low normal pressure tests are shown in Figure 87 
and Figure 88, respectively.
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Soil Displacement Voltage and Soil Force at Constant Sinkage
a) Time (s) b) Time (s)
Figure 87 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in densely packed SSC-2 simulant with a leg contact pressure of 14.7 kPa (Test 1).
Voltage and Soil Force at Constant Sinkage
a) Time (s) b) Time (s)
Figure 88 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in densely packed SSC-2 simulant with a leg contact pressure of 14.7 kPa (Test 2).
Following the low normal pressure comparison tests, a test was conducted on compacted SSC-2 
at 14.7 kPa normal pressure. In this run, the sinkage increased steadily from the beginning of the 
run until it levelled off just over 23 mm near the end of the trajectory. This relates directly to the 
soil force, which climbed steadily with increasing force spikes until closer to the end of the 
trajectory. At the shear zone infraction point, the force spikes were reduced and distributed as the 
soil bin side wall caused interference in the natural deformation of the soil shearing lines. 
However, as the sinkage levelled off, the final soil force closed onto 7.0 N. The median and high 
normal pressure run results are shown in Figure 89 and Figure 90, respectively.
Soil Displacement Voltage and Soil Force at Constant Sinkage
Figure 89 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in densely packed SSC-2 simulant with a leg contact pressure of 14.7 kPa.
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Voltage and Soil F o rce  at Constant Sinkage
Time (s)a) Tlme(s) b)
Figure 90 -  a) Soil displacement with slip sinkage and b) pressure sensor voltage and resulting 
draught force in densely packed SSC-2 simulant with a leg contact pressure of 24.8 kPa.
The final free-sliding leg test in compacted SSC-2 soil was completed with a 24.8 kPa normal 
pressure. In this experiment, after an initial starting sinkage of 0 mm, the leg segment sunk 
quickly for the first 10 seconds, before slowing but continuing to increase before plateauing at 32 
mm just before the leg reached the end of the trajectory. Due to hardware malfunction, the 
voltage from the pressure sensor was only consistently captured for the first 27.8 seconds. 
Afterwards, only a few points (at 33.9 seconds, 35.4 seconds, and 49.4-52.0 seconds) were 
captured. From the data, it can be seen that the soil force spikes follow the same patterns as in 
previous compacted test, growing in strength as the sinkage increases. Additionally, from the 
extrapolated data, an increasing soil force with the increasing sinkage is proven. The effect of the 
shear zone of the soil against the side wall of the soil bin is unknown, but a peak soil force of 8.3 
N at the maximum sinkage was determined.
5.3.2.3. Discussion of Results - Draught Force
Following the collection of the results presented in the previous sections, an analysis was done to 
compare the sinkage of the leg segment to the resulting draught force. This comparison varies 
depending on the results for each soil simulant, as well as the sample preparation method of each 
test. The following sections discuss the resulting draught force for each type of sample created.
5.3.2.3.I. Draught Force in SSC-1
The examination of the force-sinkage relationship is first approached for the SSC-1 simulant. 
This relationship is defined in the same way for each method of sample preparation, but the 
results presented in the previous section show that this relationship varies under different 
methods. Utilising the raining method for sample preparation, the resulting sinkage to force 
relationship is shown in Figure 91. In the initial low normal pressure (4.4 kPa) test run, the 
maximum sinkage was very small, only increasing to 2 mm. While in the 14.7 kPa test run, the 
sinkage rose to 30 mm. Each soil force at the specified sinkage is plotted and the resulting graph 
shows a solid increase in soil force as sinkage increases.
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Figure 91 -  The variation in draught force as sinkage increases in rained SSC-1.
Using the second preparation technique, the soil was raked before the leg tests were run. These 
tests were run under 3 normal pressures and the resulting relationship between soil force and 
sinkage is shown in Figure 92. Similar to the rained experiment, the force-sinkage curves line up 
with each other, as would be expected. It must be considered that the normal pressure on the 
system has no direct impact on this relationship. Certainly, the normal pressure would help to 
increase the sinkage of the leg segment into the soil. But it is the horizontal movement (not 
vertical normal pressure) of the leg segment that sinkage depth that is causing the soil force 
results as shown. Therefore, no matter the normal force, if the sinkage is the same, the soil force 
should be about the same. This is evident in the raked experiment as the curves are plotted almost 
on top of each other, as shown in Figure 92.
Draught Force - Raked SSC-1
Sinkage (m m )
Figure 92 -  The variation in draught force as sinkage increases in raked SSC-1.
In both the raked results and in the compacted SSC-1 results shown in Figure 93, there is a 
vertical drop in the soil force at a constant sinkage depth towards the end of each plot. This 
represents the leg segment coming to a stop at the end of the trajectory. Once stopped, there is no 
longer a horizontal force being pushed against the soil, so the resulting soil force would be zero.
140
Moving Leg Experimentation
The results of the compacted SSC-1 experiments follow the same trends as the previous two sets 
of experiments. Both the low and high normal pressure runs overlap each other, as does the 
beginning of the median normal pressure experiment. Due to the data corruption of the second 
half of this run, the extension of the trend cannot be made. However, the data is still reliable up to 
that point and it lines up adequately with the other experiments.
Draught Force - Compacted SSC-1
Sinkage (m m )
Figure 93 -  The variation in draught force as sinkage increases in compacted SSC-1.
5.3.2.3.2. Draught Force in S S C-2
The draught force relationship due to sinkage for SSC-2 was determined in the same manner as 
the SSC-1 simulant in the previous section. As previously, as the normal pressure does not 
directly influence the draught force, the sinkage resulting from various normal pressures does. In 
the first set of results, there were several concerns over the sample preparation during the raining 
of SSC-2. The resulting comparison between the sinkage and the draught force for this test is 
shown in Figure 94. As the sensors do not come to a stop while still properly submerged in the 
soil, the resulting soil force does not drop off at the maximum sinkage point. Therefore, in order 
to find a trend line, the end of each curve must be removed to ensure the trend only includes the 
increasing force with increasing sinkage. Although in both cases the sinkage was very small, a 
resulting trend line can be found and is plotted as well.
The results of the raked test are similar to that of previous tests in that the soil force increases at a 
similar rate as sinkage at each of the tested normal pressures. This overlap is shown in Figure 95, 
along with the average trend line for the curves.
Finally, the same comparison is made using the compacted SSC-2 tests. The relationship between 
the sinkage and the soil force in these cases is closest overlap in comparison to the previous SSC- 
2 experiments. This is expected, because the compaction method was expected provide the most 
similar and repeatable samples each time they are prepared. Figure 96 shows this relationship and 
the associated trend line. Unfortunately, as the data was corrupted in the latter half of the high
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normal pressure experiment, this data does not follow the trend line or the other results. However, 
the first portion of the results conform to the trend and provide reliable results.
Draught Force - Rained SSC-2
Sinkage (mm)
Figure 94 -  The variation in draught force as sinkage increases in rained SSC-2.
Draught Force - Raked SSC-2
Sinkage (mm)
Figure 95 -  The variation in draught force as sinkage increases in raked SSC-2.
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Figure 96 -  The variation in draught force as sinkage increases in compacted SSC-2.
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Overall, the results for the leg segment in SSC-2 soil were strong. The overlapping force-sinkage 
plots for each of the sample preparation methods shows the consistency of these methods in 
producing repeatable results. This is somewhat uncertain with the rained tests for both simulants, 
as there were problems with building homogeneous samples. However, even with these 
complications, the resulting force lines match well with each other. The variation of each of 
these methods with each other will be discussed in the following section.
5.3.2.4. Discussion of Results -  Varied Sample Preparation Techniques
Although the draught force plots for each of the sample preparation methods provided 
overlapping results, there are differences between the results for each method under each soil. 
Looking further into the results of the draught force test for SSC-1 simulant, the average trend 
lines are plotted in Figure 97. Initially, it was expected that the rained soil would be lightest and 
therefore cause the least draught force on the system, while the raked would cause slightly more. 
The compacted SSC-1 would provide the greatest draught force, due its nature of being the 
highest density. The results partially show this, but not completely. When conducting the tests, it 
was soon realised that the rained soil was actually falling much heavier into the soil bin and 
compacting the existing layers of soil upon contact. This was discussed at length in Section 4.3.3. 
The additional compaction caused by this falling soil created a slightly more compacted soil, but 
not as dense as the compacted soil. The raked soil was found to be much lighter on the surface 
and provided a noticeably lower density than the compacted samples.
Draught Force Trend Lines for SSC-1
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Figure 97 -  Draught force trend lines in SSC-1 simulant at varying depths.
Additionally, the trend line created from the results for the rained test does not follow the other 
two trends. First, the significant initial sinkage before any soil force is applied would not be the 
case under normal circumstances. Further, the significantly higher slope of this line would not be 
expected, as the similar trend to the other two should be expected. It is considered that due to the
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problems experienced with the raining process and the non-homogeneity of the preparation 
surface, this trend line should not be considered.
Re-considering the results of the shear strength tests, low density SSC-1 soil has a lower shear 
strength (and resulting friction angle) than the higher density samples. For comparison, the shear 
strength plot for high and low density SSC-1 samples is shown in Figure 98. As the strength of 
the soil (specifically the friction angle, but also the soil bearing capacity factors) is the primary 
factor in the prediction of the shear failure of non-cohesive granular soils, the resulting trend in 
the draught force increasing in compacted soil matches this theory.
Critical Shear Strength of SSC-1
Normal stress (kPa)
Figure 98 -  Shear strength for low and high density samples of SSC-1 tested under low pressure.
The variation in the rained curve can be explained in two ways. Primarily, is due so the problems 
with sample preparation method, which has already been described above. Second, the layered 
effect of the rained soil provided both dense and loose sample layers. When shearing would 
occur, the shear zone as expected in homogeneous soils did not exist and the path of least 
resistance was instead taken by the deforming soil. The combination of highly compacted and 
loose soils in these layers provided varying results and these results were only evident over a few 
millimetres of soil depth. Significant future work would be required to further investigate this 
problem. This layering variation reinforces the importance of understandable sample preparation 
techniques when predicting microrover mobility.
The resulting trend line comparison for SSC-2 soil is quite different. When comparing each of the 
three techniques, the loose soil of the raked sample results provides a higher draught force at a 
lower sinkage than the other sample preparation methods. This is shown in Figure 99. In SSC-1, 
the compacted soil provided a higher draught force than the loose soil, which was expected. 
However, the opposite is true for SSC-2.
144
M o v in g  L e g  E x p e r im e n ta t io n
Draught Force Trend Lines for SSC-2
Sinkage (mm)
Figure 99 -  Draught force trend lines in SSC-2 simulant at varying depths.
Even with the problems concerning the sample preparation with the raining technique, the trend 
line seems to follow the expected curvature. It would be expected that the rained line would more 
closely correspond to the raked line, as opposed to lining up closer to the compacted results. 
However, unlike the results of the SSC-1 rained where the curve was significantly out of sync 
with the other runs, this resulting trend could portray an appropriate pressure-sinkage relationship 
due to the rained layers of the SSC-2 soil.
Looking deeper into the shearing strength for dense and loose samples of SSC-2, the comparison 
is shown in Figure 100. The plots show that the shearing strength (and resulting friction angle) is 
greater for low density SSC-2 than for the high density. This is also opposite from what was 
expected in comparison with SSC-1 soil. However, when comparing the shearing strength to the 
soil force, as the mathematical relationship would show (through friction angle and soil bearing 
capacity factors), this is a correct alignment. The loosely packed SSC-2 provides greater soil 
force against a moving leg segment due to the higher friction angle, than the densely compacted 
SSC-2 soil does.
Critical Shear Strength of SSC-2
♦ Low Density & Low Pressure 
■ High Density & Low Pressure
* * * Tangential Fit at High Density & Low Pressure *
1 - i
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Normal stress (kPa)
Figure 100 -  Shear strength for low and high density samples of SSC-1 tested under low pressure.
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The resulting relationship between draught force and sinkage is then validated through 
comparison of the shearing strength of each simulant completed in Chapter 4.
5.3.2.5. Discussion of Results -  Slip Sinkage
Following on from the sliding leg tests, an investigation into the slip sinkage of the leg segment 
was done. Proposals from many researchers for traditional vehicle mobility show that slip 
sinkage is a linear relationship, though more recently some researchers have published data 
presenting a non-linear relationship under specific conditions. Traditional vehicles shear soil at a 
boundary layer depth ( h ) due to the height of the grousers or treads on the wheels or tracks, and 
can continue to dig themselves into an ever-deeper slip-sinkage hole. Flowever, legged vehicles, 
like the leg segment in these experiments, do not shear the boundary layer of soil in the same 
manner by repeatedly digging at the soil with every wheel/track rotation. Instead, they would 
slip-sink based more on the normal force of the footprint compressing newly exposed soil when 
the leg segment horizontally displaces the top layers of soil. It would be expected that the soil at a 
low enough depth would be compressed significantly not to compress any further under the 
footprint load. The analysis of which follows.
The plots in Figure 101 show the leg segment sinkage over time for raked and compacted SSC-1 
simulant. In this section, it is expected that the layering effect of the raining sample preparation 
would have inconsistent results in the sinkage-time relationship and is negated from this portion 
of the investigation.
Slip Sinkage for Raked SSC-1 Slip Sinkage for Compacted SSC-1
a) Time (s) b) Time (s)
Figure 101 -  The slip sinkage of the leg segment in a) raked and b) compacted SSC-1 simulant.
These tests show, as expected, that slip sinkage increases as normal pressure increases when all 
other variables remain unchanged (leg velocity, contact area, soil preparation method, etc). In all 
cases, except for the lowest normal pressure compacted SSC-1 run, the slip sinkage is 
significantly non-linear. For higher normal pressures, the sinkage increases rapidly at first and 
slowly begins to plateau towards a maximum sinkage level. For lower normal pressures, the 
increase is not as fast at first (presumably because the radial shear zone is very small at low 
normal pressures and low sinkage levels), but then grows quickly before levelling off towards the
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end of the run. In all cases of the compacted runs, it is expected that the sinkage levels would 
continue to rise, but it is unsure how far they would continue before plateauing completely.
Similarly, the slip sinkage relationship for the SSC-2 simulant is also non-linear. Figure 102 
shows these relationships for raked and compacted SSC-2 under three normal pressures. 
Regarding the raked SSC-2, it is interesting to note that the lower normal pressure run levels off 
before reaching the end of the trajectory, showing that it has reached its maximum depth. 
Additionally, the median and high normal pressure runs follow nearly identical sinkage profiles 
for most of the run. However, the median run reaches its maximum depth and levels off towards 
the end of the run, similar to the low pressure run, while the high pressure run continues to 
increase. In the compacted SSC-2 run, the variation in slip sinkage rate is quite notable for 
varying normal pressures. They each initially increase at their own rate (rapidly for the high 
pressure and slowly for the lower pressures), but seem to follow similar curves after about 10 
seconds, each starting to plateau at the end of the run.
Slip Sinkage for Raked SSC-2
b) Time (s)
Figure 102 -  The slip sinkage of the leg segment in a) raked and b) compacted SSC-2 simulant.
From these test, it can be concluded that there is not a linear relationship to determine the slip 
sinkage of a legged vehicle in granular soils. This non-linearity is shown in the rapid initial 
increase (especially under high normal pressure) in sinkage during horizontal displacement, while 
the rate of sinking slows towards a plateau in each of the cases (sometimes becoming constant, as 
the leg reaches a maximum sinkage depth. It is shown that the friction angle of low density SSC- 
1 and high density SSC-2 are very similar yet the slip sinkage profiles for these runs are not the 
same. Therefore, it is expected that friction angle and normal pressure would not be the only 
inputs to this relationship and that the overall and relative density of the displacing soil is 
expected to be a factor as well. Now that a non-linearity has been shown for a slipping leg in 
compressible soils, it is proposed that further investigation into a mathematical model for this 
relationship be conducted as an area of future research.
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5 . 3 . 3 .  A c t i v e  F o r c e  T e s t i n g
The third set of testing was completed to determine the active force on a leg moving through soil. 
These tests involved placing the sensor on the back face of the moving leg and pushing it through 
the soil in the same manner described above. This would register the force of the soil collapsing 
into the gap created by the moving leg. The test was performed in SSC-1 simulant, as the SSC-2 
simulant was seen not to collapse into the trench and around the back face of the leg as much as 
SSC-1 was. Therefore, the SSC-2 would not have registered any force, while the SSC-1 simulant 
was expected to do so. Even though this collapse was visibly seen during testing, it was expected 
that the resulting force would be very small. The leg segment was submerged into the SSC-1 
simulant to a depth of 30 mm. The leg was then moved in its pre-planned trajectory through the 
soil bin and the sensor on the back face of the leg segment was recorded. Figure 103 shows the 
leg segment moving through the soil with the sensor mounted to the back face of the leg segment. 
The image was taken a few seconds after simulation start. It can be seen that the level of the 
collapsing soil behind the leg segment is quite low, thereby leading to a very low resulting active 
force.
Figure 103 -  The sensor mounted to the back face of the leg segment during active force testing.
The build-up height and total height of the soil in front of the leg segment was not considered in 
this case, as only the back face of the leg segment was the focus of this test. As shown in Figure 
104, the sinkage remains effectively constant at 30 mm throughout the test. However, the 
resulting force on the sensor was negligible, peaking only to 0.067 N.
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Soil Displacement Voltage and Soil Force at Constant Sinkage
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Figure 104 -  a) The sinkage of the leg segment at constant sinkage in SSC-2 simulant and b) the 
associated force of the on the back face of the leg.
Previous results presented in Section 5.3.1 show that the break force range of the sensor was 
tested to be between 0.07 N and 0.1 N. As the resulting active force value is below this, it is only 
considered to be noise on the system and not actual force readings. Therefore the resulting 
experimental active force is expected to be less than 0.1 N.
5 . 3 . 4 .  F r i c t i o n a l  F o r c e  T e s t i n g
Experiments were not performed to determine the frictional force of each soil on the leg. The 
sensors were primarily designed to determine the normal force against it, though it does have the 
ability to read levels of combined normal/shearing force, as used in some biomedical and gaming 
applications. Minimal shearing force can be evaluated if dynamic conditioning of the sensors was 
performed, however as this would be negligible for soil shearing on the sensor, this consideration 
was negated. Instead a mathematical estimation model of the shearing force will be considered.
5.4. Chapter Summary
Chapter 5 presents many results for experimental tests that will provide the baseline for the 
mathematical modelling of a legged vehicle in granular soil. Initially, the experimental setup is 
introduced and the hardware utilised in all tests is defined. The representation of the leg segment 
hardware to accurately emulate the desired vehicle leg segment is also established.
Following this introduction, the preparation methods for how the soil samples would be created 
was introduced. These three methods (raining, raking and compacting) were each defined. 
Density testing and sample layering analysis for the raining and compacting techniques were also 
investigated and presented.
Finally, three sets of experiments were conducted. The first was for a fixed leg moved 
horizontally at a low sinkage in compacted soil to determine the soil force of the build-up soil in 
front of the moving leg. The second investigated the slip sinkage of a free-sliding leg through
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soil, and the resulting draught force at increasing sinkage levels. The third was an investigation 
into the active force affecting the back face of a slipping leg segment.
Overall, the results show several tilings. First, the conforming of each of the force-sinkage 
relationships (under each sample preparation method) towards each other shows that the sample 
preparation methods are reasonably reliable in the creation of repeatable results. This is not 
completely the case for the raining methodology, which proved difficult, especially for the SSC-2 
soil. Although the raining method is not recommended for large sample preparation areas, the 
raking and compacting methods proved successful.
The agreement of the draught force trend lines to the shear strength of the soils proposed in 
Chapter 4 also reinforce the solidity of the collected experimental data. The soils conditioned and 
tested to have a higher critical shear stress are shown to also have a higher draught force when 
horizontally pushing through soil. The non-linearity of the draught force of a moving leg 
compared to the depth at which it has sunk is also evident in these experiments.
Additionally, it has been shown that the slip-sinkage relationship for a legged vehicle is non­
linear*. Although many researchers propose a linear* model for smaller traditional vehicles, the 
case is not the same for slipping legged vehicles. From these results, there is a need for 
consideration of non-linear* mathematical models to predict both the draught force relationship 
and the slip-sinkage relationship.
Chapter 6 will build upon this experimental data to propose a performance prediction model for a 
legged vehicle.
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6 .  L e g g e d  V e h i c l e  M o b i l i t y  a n d  
S i m u l a t i o n
Chapter 6 presents a methodology used to predict legged vehicle performance in granular soils 
and the simulation environment developed to use these prediction models. The following sections 
will outline the simulation environment used for estimating the soil forces on a moving blade 
through various wedge theory methods. Validation of the accuracy of each approach used is 
made through published data. From these simulations, a mathematical prediction model for both 
vertical and horizontal movement of a leg in soil is proposed. The prediction mechanism is based 
on Terzaghi and Reece soil modelling methodologies presented in Chapter 3, as opposed to the 
traditional vehicle mobility models based on Bekker theory. These models are validated through 
the experimental work presented in Chapter 5.
6.1. Legged Performance and Traction Prediction 
Tool (LPTPT)
A new software tool called the Legged Performance and Traction Prediction Tool (LPTPT) was 
developed to model the deformation of soil under legged microrovers. This application follows 
on from previously developed terramechanics software packages developed at the Surrey Space 
Centre including RPET and RaMPP introduced in Section 3.2.3. With MATLAB (Mathworks, 
2007) at the core of this tool, LPTPT is able to predict the tractive capability of a leg in soil based 
on Terzaghi’s soil bearing capacity factors (Terzaghi, 1943) and a number of different soil 
mechanics approaches. These include several methods for the determination of passive and active 
earth pressures, draught force and soil shearing forces (McKyes, 1985). Similar to determining 
the force of soil against a retaining wall and the force required by a narrow cutting blade to 
displace soil, the forces acting on a leg partially submersed in soil is developed. Additionally, this 
tool interacts with a 3-dimensional physics modelling environment designed through use of the 
Open Dynamics Engine (Smith, 2000) physics library to simulate a full legged vehicle walking 
through a desired soil. The force response of the soil on each leg of the full vehicle is fully 
detailed in Chapter 7.
6 . 1 . 1 .  D a t a b a s e s
Various databases were created as the backbone for the LPTPT. These databases also allow easy 
selection between various configurations and testing methodologies.
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First, a soils database was created. Each soil in the database has several properties stored for 
reference when a soil is selected including mechanical soil properties (angle of internal friction 
(j) , cohesion C0, unit weight of soil y , and shear deformation modulus k ), pressure-sinkage 
properties ( ,  kc , n or k x, k2, n ), and soil-tool properties (adhesion Ca and soil-tool friction
angle 8 ). Certainly, the soil-tool properties, in addition to the soil properties, may be modified at 
a later stage in the code depending upon the scenario. The database consists of a variety of 
standard accepted soil properties that have regularly been utilised in terrain-vehicle studies, 
including planetary simulants. The simulants tested in-house under various conditions at the 
University of Surrey are also included and flexibility exists to add further soils as desired by the 
user. The soils that populate the database can be found in Appendix A.
Unless otherwise documented, the adhesion value is assumed to be 1930 Pa and the soil-tool 
friction angle is assumed to be 10° by default. These values are proposed for lunar soils 
interacting with smooth metal surfaces (Wilkinson and DeGennaro, 2007). Adhesion and soil- 
tool friction angle values are not available for many of the other soils and empirical 
determination for this thesis was deemed unnecessary due to the minimal influence adhesion has 
to vehicle mobility. In cases where the soil-tool contact area is rough, this value will be 
superseded with the internal friction angle of soil.
The second database contains the details of the vehicles being evaluated. In all cases, the vehicles 
are hexapod rovers with 3 degrees of freedom in each leg. The database contains information 
regarding the vehicle designs and leg properties. Specifically, the vehicle properties of interest 
include overall vehicle mass, number of legs and body length/width/height. Leg properties 
include each of the three segment lengths, footprint length and width (and thereby area) and the 
anterior and posterior extreme positions of each leg from the coxa joint (AEP and PEP). 
Currently there are five vehicles stored in the database:
• the crab inspired hexapod vehicle proposed as part of the Bionics and Space Systems
Design contract for the European Space Agency (Ellery et al., 2005b),
• the stick insect inspired hexapod vehicle proposed as part of the Bionics and Space
Systems Design contract for the European Space Agency (Ellery et al., 2005b),
• the Lynxmotion H3 hexapod kit used in experimental analysis during research
related to this thesis and presented in previous publications (Scott et al., 2008a),
• the Carausius morosus All-Purpose Terrain-Autonomous Insect Navigator
(CAPTAIN) proposed in previous publications and explored further in Chapter 7 of 
this thesis (Scott and Saaj, 2009c),
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• the shape memory alloy actuated nanorover used in other research at the Surrey 
Space Centre (Smith et al., 2009).
The final database includes details of the non-soil related environment that the vehicles will be 
subjected to. Primarily this relates to the gravity of the planetary surface, whether it is Earth, 
Mars or the Moon. However, further environmental parameters can be added as desired by the 
user.
6 . 1 . 2 .  L o g  S p i r a l
The log spiral methodology introduced in Section 3.1.3.2 has been implemented into LPTPT. 
This methodology estimates the collapse zones of soil either under vertical load bearing 
structures or through horizontally moving blades/legs in soil. In both cases, this theory is applied 
to the respective systems and validated in the subsections below. All aspects of the log spiral 
method are plotted in LPTPT; two examples of which are shown below in Figure 105.
Log Spiral Soil DitplKm.nl (Ctrtttitn)
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Figure 105 -  Log spiral deformation lines for SSC-1 at high density under low (red) and high (black)
pressure.
The log spiral simulation includes the regions and shear lines introduced in Section 3.1.3.2, 
including:
1) the active Rankine zone directly under the compressing footprint,
2) the radial shear zone, which stops where it intersects the passive shear zone triangle 
to the outer extremities according to McKyes or extends upwards to the surface 
according to Myerhof (McKyes, 1985),
3) the passive Rankine zone,
4) the vertical deformation line from the end of the passive Rankine zone to the surface 
for load bearing structure, and
5) the continuation of the passive Rankine zone for horizontally moving blades.
The log spiral simulation was also used in the design of the minimum dimensions for the soil bin 
in Section 5.1.1.
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6 . 1 . 3 .  P r e s s u r e - S i n k a g e  R e l a t i o n s h i p
The four methods for determining the pressure-sinkage relationship described in Section 3.1.3.3 
have been implemented into LPTPT. Most empirical data collected by researchers is based on the 
Bemstein-Bekker methodology, therefore the other methods are unlikely to be used without 
empirically determining the pressure-sinkage variables directly. One exception would be 
Terzaghi’s approach to calculating bearing capacity, as it incorporates the soil bearing capacity 
factors that can be calculated utilising his methodology or a variety of others. As sinkage is a 
significant input to the determination of the soil bearing capacity factors, finding the sinkage 
from the bearing capacity is not a straightforward process. Therefore, the Bemstein-Bekker 
method will be used in most cases when determining the sinkage of a plate in soil. Both the 
Bemstein-Bekker and Terzaghi methods are used for finding the bearing capacity or surface 
pressure of a plate at a specified depth in soil. Additionally, where data is available, validation 
can additionally be made to the Upadhyaya model.
A comparison between all existing methods in a case where comparative data is available. The 
plots below show the pressure-sinkage relationship for three methods for a pressure plate of size 
0.1 m wide by 0.15 m long in a mixed clayey sand. Experimental results from published works 
are plotted for comparison (Rashidi and Seyfi, 2008). It should be noted that the friction angle 
and cohesion of the soil tested here was not published (which is required for the Terzaghi model), 
however the pressure-sinkage coefficients for the Bemstein-Bekker and Upadhyaya methods 
were published. Therefore, the missing soil properties were estimated ((f) =  20" and C0 = 3000 
Pa) to best fit the plot.
Pr«ssur*-Slnkag« Comparison Prossuro-Slnkago Comparison
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Figure 106 -  Validation of pressure sinkage methodologies compared to experimental data at a)
lower pressures and b) higher pressures
The results show that the Terzaghi methodology results in a linear pressure-sinkage relationship
while the Bemstein-Bekker and Upadhyaya methods are both parabolic. At lower pressures
(Figure 106a), the Terzaghi model is significantly out of sync with the more commonly accepted
Bemstein-Bekker and Upadhyaya models. However, as pressure grows and sinkage increases, the 
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Terzaghi methods (both the method considering surcharge pressure and the method where this is 
not considered) begin to converge with the Upadhyaya and Bemstein-Bekker methods.
Any of these methods can be selected in simulation depending upon the desired predictions that 
are being made for soil deformation using LPTPT, as well as which inputs are readily available 
for consideration.
As presented in Section 3.1.3.4, there exist numerous methodologies for determining the soil 
bearing capacity factors. Each was developed under specific conditions or with certain 
assumptions. Some methods may be more accurate for wide plates moving horizontally through 
shallow soil while others for narrow tines pushing through deep soil. In some cases the weight of 
the surrounding soil is included, while in others it may not be significant and can be neglected. 
Additionally, assumptions for 2-dimension soil deformation (or infinitely wide plates) or 3- 
dimensional soil deformation (which includes the soil to the sides of a narrow plate) have been 
made in various methodologies.
The most relied upon methodology for determining the soil bearing capacity factors was 
developed by Hettiaratchi and Reece for wide blades cutting soil in passive failure (McKyes, 
1985). These experiments were run on soils at varying angles of internal friction and under 
varying soil-tool friction angles and are summarised in graphical form. Figure 107 shows these 
plots run by the LPTPT and validated against the published data (McKyes, 1985).
Figure 107 -  Simulation validation of Hettiaratchi and Reece’s determination of N y and Nq when
8  =  (f) at varying rake angles (McKyes, 1985)
Considering the ratio of depth (d  ) of a blade to width (w), a relationship can be found for the 
change in soil bearing capacity factors at varying rake angles ( a ) .  Validation of the LPTPT 
software through this method was also conducted against published data (McKyes, 1985).
6 . 1 . 4 .  S o i l  B e a r i n g  C a p a c i t y  F a c t o r s
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r*k. angle (a) r**c* *n9**
Figure 108 -  Validation of soil bearing capacity factors at varying depth to width ratios for 
Hettiaratchi and Reece (1977) method compared to published data (McKyes, 1985).
Each of the methods presented in Section 3.1.3.4 to determine soil bearing capacity factors have 
been included in the simulation, allowing the user to select the desired methodology depending 
on the most appropriate situation. These determined soil bearing capacity factors can then be 
applied to a wedge theory methodology to determine the draught force of a blade/leg moving 
through soil.
6 . 1 . 5 .  W e d g e  T h e o r y
In addition to the soil bearing capacity factors, determining the force required to displace soil can 
be found using various wedge theory techniques. Some of these methods are straightforward as 
noted by the original universal earth moving equation and the width of the moving blade. Other 
methods take into account the shearing force of the soil across the moving blade. Others yet also 
consider the radial shear zones of deforming soil outward and to the sides of a narrow moving 
blade. Each of these is presented in Section 3.1.3.4.
Six wedge theory methods were incorporated into the LPTPT. Four of which were validated 
against published data including: Godwin and Spoor (1977), McKyes and Ali (1977), Hettiaratchi 
and Reece (1967) and Grisso et al. (1980) (McKyes, 1985). A simulation similar to that presented 
in Figure 17 was created in the LPTPT. In this simulation, a 12.6 cm blade was pushed through 
an incompressible sand with an effective angle of internal friction of 37° (and therefore a 
cohesion of 0 Pa). The blade was modelled with an entry angle of 30° and a soil-tool friction 
angle of 23°. Figure 109 shows these results which are validated through comparison to 
published data shown in Figure 17.
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Figure 109 -  Horizontal draught force prediction for a blade in soil based on various methods.
In comparison to the published data, the simulation presents slightly higher results. This is likely 
due to the lack of soil density, adhesion and other soil information that were not published with 
the plots, and had to be estimated for this simulation. Also to note, the Hettiaratchi and Reece 
plot falls significantly out of sync with the published data. This is due to the methodology for 
Hettiaratchi and Reece having many interpretations due to internal calculations regarding soil 
failure criteria. The one used here considers three dimensional (instead of two dimensional) soil 
failure, as well as more recently updated equations for finding internal failure angles of ju and 9 
(McKyes, 1985).
6 . 1 . 6 .  M a t h e m a t i c a l  M o d e l  V a l i d a t i o n  S u m m a r y
The simulation models presented in this section have all been validated through published data 
and are considered accurate representations of the force prediction models that exist in this field. 
Utilising these models, a comparison can be made to experimental data collected and presented in 
Chapter 5 to determine the most accurate methodology to predict leg performance in soil.
6.2. Leg-Soil Force Models
Drawbar pull, as discussed in Section 3.2.1, is the difference between the maximum soil thrust 
available from the soil and the resistances by the soil that impede the forward motion of the 
vehicle. Modifications to Terzaghi’s universal soil moving equation are used for determining the 
forces affecting a leg in soil.
Looking at a leg stepping through soil in two-dimensions, there are four primary forces that effect 
the leg’s movement through the soil. Figure 110 graphically shows these forces. There are two 
normal forces on the back and front of the leg, represented by the draught force ( Fn) and the
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active force ( FA), respectively. There are also two shearing forces on the bottom and back of the 
leg, represented by soil thrust ( H 0 ) and leg friction ( Ff ), respectively.
Vehicle Velocity
Figure 110 -  A graphical representation of all forces on a leg moving through soil.
It is assumed that the shearing force on the front of the leg is negligible because the forces 
applied to the front of the leg will be extremely low (though it is recognised that this would be 
considered an adhesion force). Each of these forces is a function of soil-soil interaction properties 
and soil-leg interaction properties defined in Section 3.1.3.4. When considered as part of the soil 
trafficability model for legged vehicle mobility (as introduced in Section 3.2.1), the following 
soil force balance equation can be proposed for determining drawbar pull ( D P ):
DP =  H +  Fd — F a — F f
Further to the direct leg-soil interaction, there exists two forces controlled by the vehicle. These 
are the load of the vehicle weight across a single leg segment ( FL) and the force at which the leg 
is moved by the vehicle controller ( FB) to gain forward motion. Additionally, the motor torque 
of the tibia joint (Tm) should be considered. Since each of these forces and torques are controlled 
by the vehicle control system, they are not directly covered in this section, nor are they included 
in the drawbar pull calculation. The distribution of the vehicle weight on each leg is dependent 
upon the walking gait and the slope the vehicle is walking on, while the others are determined by 
the motor torques throughout the leg and the desired speed of the vehicle.
6 . 2 . 1 .  L e g  S o i l  T h r u s t
A legged biological creature (or robotic vehicle) achieves forward thrust based on the interaction 
between the ground and the foot. On a hard surface, the forward motion is achieved based on the 
friction between the footprint and the surface, and the ability of that vehicle to pull itself forward 
based on that surface friction. As noted in Section 3.2.1.1, soil thrust is the maximum amount of
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shearing force that a soil can withstand before collapse. For a legged vehicle, the standard 
accepted methodology for determining soil thrust for a tracked vehicle is used.
The consideration of the angle of approach must also be taken into account, in addition to the 
frictional force of the soil. Therefore, the maximum soil thrust available for a leg stepping at an 
angle ( a ) is as follows:
H0 = AC0 + W tan (j) sin a (59)
The cohesive element of the equation is not affected by the angle of approach of the leg because 
the soil will be cohesive regardless of the contact angle. It could be, however, considered that 
angles greater than 90° would result in a cohesive benefit to forward motion. As the vehicle is not 
simulated to step at an angle different than 90°, this will not be a factor. Figure 111 shows the 
variation in soil thrust available to a 4.4 cm by 4.4 cm footprint on loose SSC-1 and SSC-2 soil 
simulants in Earth gravity under a 4 kg load. Due to the higher friction angle of the loose SSC-2, 
the available soil thrust is greater than for SSC-1.
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Figure 111 -  Soil thrust available for 4.4 cm by 4.4 cm footprint in loose SSC-1 and SSC-2 soils.
As expected, this soil thrust will be modified by slip. As the surface area is flat, similar to tracked 
vehicles, the same methodology is applied for the determination of the impact of slip on the 
system.
H = Hr l - - ( l - < f ,//r)
il (60)
One significant difference that will be considered in this formulation is the variation of the shear 
deformation slip modulus ( k  ) based on low density versus high density soil arrangements (as 
well utilising the results based on an appropriately tested normal pressure). These results 
discussed in Section 4.4.3.4, emphasising how this value is variable depending upon the normal 
pressure exerted by the contacting surface. Therefore, this must be implemented based on
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previously determined results. The contact length ( /)  will remain constant, as this represents the 
footprint dimension, while slip (z) will be modelled experimentally. The experimental modelling 
done in this thesis would not be sufficient for determining slip percentage, because the base of 
the robotic arm is fixed and, therefore, 100% slip was always achieved when the leg segment was 
pushed through die soil. It is essential in practice to ensure an accurate understanding of the slip 
of a moving leg of a walking robot and further experimentation on a mobile platform would need 
to be done to examine this.
6 . 2 . 2 .  L e g  D r a u g h t  F o r c e
The draught force required for a blade to push through soil was introduced in Section 3.1.3.4.1. 
The overarching methodology for determining draught force is used for determining the force 
available for a leg moving through soil and is expressed below as an interpretation of the 
universal soil moving equation:
Fd — b{}ZQ2Nr + C0z0N c + q z 0Nq + C az0Nctt) (fil)
As introduced previously, there are many models that exist to determine the soil bearing capacity 
factors and to model horizontal draught force. Each of these models was incorporated into the 
LPTPT simulation for validation and presented in Section 6.1.5.
Utilising these simulations, a prediction of the draught force of the leg in SSC-1 and SSC-2 was 
made. It was initially expected that the small contact area of the footprint would sink significantly 
enough to fall within the range of applicability of Hettiaratchi and Reece’s model for narrow 
blades embedded deep in soil (at least 1:6 width to depth ratio) (McKyes, 1985). However, the 
experimental test results summarised in Section 5.3 prove that this is far from the case and the 
sinkage is significantly lower than the footprint width.
Considering SSC-1 simulant under compacted and loose conditions, the resulting soil forces for 
this simulation at varying depths are shown in Figure 112, along with the experimental data from 
the corresponding runs. The experimental results seem to correspond more accurately to the 
Grisso model. This is true for the overlap under very low sinkage conditions, as well as the slope 
of the line increasing at a similar rate. The Hettiaratchi and Reece model, especially when 
extrapolated, would diverge greatly from the experimental data. The McKyes and All model, 
along with the Godwin and Spoor model also follow the same slope, but are significantly out of 
range with regards to the sinkage-force relationship.
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Figure 112 -  Simulation of various soil models in LPTPT for the low contact pressure of a leg 
segment in SSC-1 soil under a) high density and b) low density conditions.
The same validated plots incorporated into the LPTPT are shown in Figure 113 for a leg segment 
moving through compacted and loosely packed SSC-2 simulant and compared to their respective 
experimental trend lines.
Figure 113 -  Simulation of various soil models in LPTPT for the low contact pressure of a leg 
segment in SSC-2 soil under a) high density and b) low density conditions.
Similar to the SSC-1 trends, the resulting simulation compared to experimental force data is 
shown. In the cases of both compacted and low density simulations, the experimental data 
follows a similar growth. In the compacted results, the trend falls halfway between the McKyes 
and Ali method and the Grisso method. This relates to the compacted SSC-1 run, where the trend 
was approaching the line formed by the McKyes and Ali method, though not as closely. 
Similarly, the trend is much closer to the Grisso method under low density simulation.
On planetary surfaces, the soil is known to be loosely compacted, and would need to be 
considered as such in planetary rover prediction models. As such, the Grisso method for 
predicting the soil force on a moving leg segment was selected due to its higher accuracy under 
low density soil conditions. Utilising this prediction method, the horizontal component of draught 
force for the leg is proposed under the sinkage conditions up to 3 cm. Figure 114 shows the
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comparison of the draught force on a leg segment sliding through SSC-1 and SSC-2 simulants 
under loosely packed conditions.
Horizontal Component of Draught Forco
Sinkage [m]
Figure 114 -  Horizontal draught force of the soil on a moving leg simulated under SSC-1 and SSC-2 
low compaction conditions using the Grisso method.
On soft terrain when sinkage is a factor, not only will the frictional force provide a base for 
forward motion, but so will the soil when resisting the force applied by the back of the foot/leg.
6 . 2 . 3 .  L e g  A c t i v e  F o r c e
As noted in the definition to the methodology proposed in Section 3.1.3.4.3, the active force 
resists the movement of legged vehicle because it pushes backwards on a moving leg. This is a 
function of the coefficient active earth pressure ( KA) and the soil-soil ( <f>, /?) and soil-vehicle 
( a  , 8 ) contact properties as follows:
K a =
Fa =  — z F a2 sin a  cos 8
sin2(ar + 0)cos<5»
s in o rs in ^ -^ ll  + Vi n S K i f
(62)
(63)
As experimentally tested in Section 5.3.3, the force of the soil on the sensor behind the moving 
leg was smaller than the break force of the sensor, and therefore no soil force was recorded. This 
is not unexpected at the shallow depths of the moving leg. However, it makes accurate validation 
of existing mathematical models impossible.
Mathematically, the determination of active force through simulation of the active force 
experiment can be estimated. Utilising the above equations, an angle of leg approach of 90°, and 
a soil-tool friction angle of 10°, the active force can be calculated at increasing depths under 
loose SSC-1 and SSC-2 conditions. The first of which (loose SSC-1) relates to the experiment
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performed in Section 5.3.3, as the soil collapsing into the trench left by a slipping leg will be 
loosely compacted. Prediction of the active force under loose SSC-2 is calculated for comparison. 
The relationship between the active force on the leg and the collapsed height of the soil is shown 
in Figure 115.
Horizontal Component of Active Force
Figure 115 -  The active force on a leg segment caused by the collapsed soil height in front of a
slipping leg in SSC-1 and SSC-2.
The results show that the active force for loose SSC-2 is slightly greater than SSC-1, due to the 
increased friction angle, as well as the increased density of the material. However, it was seen 
during the experiments, the SSC-2 would not collapse as much as the SSC-1 and would therefore 
have less overall effect to the moving leg system. Comparing these results to the previous 
experimental results, if the build-up behind the leg segment was as high as 30 mm, the resulting 
active force would be as high as 0.19 N. However, even when submerged to 30 mm, as soon as 
the leg moves, it opens a region for the collapsing soil to fill, which would never be as high as 30 
mm. From the image taken in Figure 103, the build-up behind the leg is approximately 20 mm. 
At 20 mm, the resulting active force would be 0.085 N. Comparing to experimental results, this is 
feasible, because anything greater than 0.1 N would have registered on the sensor.
The theory above results in a very small value for the active force on a moving leg, which falls 
into the range of the break force expectations of the sensor. Therefore, it should be considered 
that this is a reasonably accurate method for estimating active force. Any error in this calculation 
is 2 orders of magnitude lower than the draught force and is therefore considered negligible, but 
still included in the performance prediction for legged vehicles.
6 . 2 . 4 .  L e g  F r i c t i o n a l  F o r c e s
Another force that will resist the leg’s movement through soil is the frictional force of the leg 
moving against the soil. This frictional force ( Ff ) is determined in a method similar to the soil 
thrust defined in Section 6.2.1. However, instead of the footprint width and length being
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considered, the leg shaft width and the leg segment length that is embedded in the soil makes up 
the desired contact area (A leg), and the horizontal load (L ) on the leg segment would determine
the frictional contact with the soil. As a result of this frictional force, angles of approach ( a ) less 
than 90° will produce a resistive force against the direction of forward motion, while greater 
angles will actually re-enforce the leg and provide additional soil thrust.
F f  =  A,eg C o + L  cos(90 -  a ) tan 0 (64)
Since experiments were not performed to determine the frictional forces on the leg, validation of 
this mathematical model to experimental results cannot be achieved. Further, the shearing forces 
on the front and back faces of the leg would be 0 N when the leg is stepping at a 90 degree angle 
to the surface, and there would be no benefit (or reduction) in overall drawbar pull from these 
sides of the leg segment. However, the side faces of the leg segment would have some shearing 
forces that would have a slight effect on vehicle mobility. As the leg segment move along its 
curved trajectory, the outward (and then inward) forces of the legs on opposing sides of the 
vehicle would cause outward slipping of the leg segment (as well as frictional force on the outer 
and inner faces of the leg segment). This would not be the case if the trajectory was completely 
straight, but the limitation of joint angle would restrict this movement. Under the movement of 
the single leg, the outward forces are minimal because the robot arm is fixed at its location. As 
there is no additional outward force due to this movement, only the cohesive element is 
considered to determine the frictional force. The frictional forces on one of these side faces are 
shown in Figure 116 for a leg segment slipping in loose SSC-1 and SSC-2.
Horizontal Component of Frictional Forco
Sinkage [m]
Figure 116 -  Frictional force that effects the drawbar pull from the side faces of a leg segment in 
loose SSC-1 and SSC-2 under varying depths.
Due to the higher level of cohesion in the SSC-2 soil, the frictional force of SSC-2 on the leg 
segment will be higher than SSC-1.
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6 . 2 . 5 .  G r a v i t a t i o n a l  R e s i s t a n c e  t o  L e g  S o i l  T h r u s t
Because of the decoupled nature of the legs of a walking vehicle, gravitational resistance is 
considered differently than it is large wheeled/tracked vehicles. As noted above, the angle of 
approach of the leg is known for each step, and therefore, the angle at which the footprint is 
standing in the soil is considered. Incorporation of this stepping angle means that gravitational 
resistance is already considered in the leg model, not from the full vehicle perspective, but from 
the perspective of each individual stepping leg. Consideration of each leg’s position during 
various stancing poses would need to be considered as well and the vehicle centre of mass would 
need to be included. This would be evaluated at varying slopes to determine an accurate 
methodology to model this. However, this is outside of the scope of this thesis.
Although gravitational resistance is not directly applicable to sinkage itself, it could influence the 
sinkage due to the weight distribution of the legged vehicle. When standing on a flat surface 
(assuming symmetric leg stancing positions), a legged vehicle evenly distributes its weight across 
each leg. However, if a legged vehicle is climbing a slope, the centre of mass of the vehicle is 
off-centre towards the back and the weight will not be evenly distributed. The back legs will 
therefore have more force applied to them than any forward legs, which at the footprint, will 
equate to higher pressure and cause additional sinkage. This additional sinkage will influence 
many of the other forces (such as draught and active forces, specifically), as well as the density 
distribution of the soil being compressed under each step.
Therefore, although gravitational resistance will not be an influence on drawbar pull 
determination for a legged vehicle directly, the consideration of the weight distribution must be 
taken into account for indirectly influencing the other soil forces.
6 . 2 . 6 .  L e g - S o i l  F o r c e  M o d e l  S u m m a r y
The soil force models introduced in Chapter 3 of this thesis have been implemented into the 
LPTPT and compared to the experimental force model of a leg segment displacing soil from 
Chapter 5. The results show that some models are reasonably accurate predictions of the soil 
force at varying depths of a narrow leg slipping through soil, while others are not. Considering 
the Grisso model that has been validated to give the most accurate prediction of draught force for 
a leg segment in loose soils, the results were extrapolated to examine all of the forces on the leg 
segment. The complete set of forces affecting a leg segment pushing through SSC-1 and SSC-2 
are shown in Figure 117 and Figure 118, respectively.
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Horizontal Component of Soil Forces
Figure 117 -  Prediction of the horizontal forces of soil on a free-sliding 4 kg leg moving through loose
SSC-1.
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Figure 118 -  Prediction of the horizontal forces of soil on a free-sliding 4 kg leg moving through loose
SSC-2.
Each of the soil forces affecting the leg have been defined throughout the previous sections, 
including the leg controller forces (body force and leg load) which affect the vehicle’s 
displacement of the soil, but are not a factor in the drawbar pull of the vehicle. The maximum 
total force combines all of these soil forces for the total tractive capability the vehicle can gain 
from the soil. As shown in these figures, the leg will gain more thrust from the SSC-2 soil than 
from the SSC-1 soil. A summary of the available soil force at 10 mm increments is noted in 
Table 29.
Table 29 -  Total available soil force for a free-sliding 4 kg leg in loose SSC-1 and SSC-2 soils
Sinkage
[mm]
Total Soil Force 
from SSC-1 
[N]
Total Soil Force 
from SSC-2 
[N]
0 26.9 31.4
10 27.8 34.3
20 30.0 39.5
30 33.5 47.3
As shown by these results, there will always be forces acting on the soil when the leg of a
walking robot is stepping through SSC-1 and SSC-2 simulants. The primary soil force is
available from the thrust of the footprint in the soil. However, further soil trafficability is gained 
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by draught force as the leg sinks further in each soil. Certainly, this force could be overpowered 
by the controllable forces due to leg stepping speed or change based on weight distribution across 
each leg. However, the leg and vehicle controllers can be designed to ensure these limits are not 
exceeded.
6.3. Chapter Summary
Chapter 6 introduces the Legged Performance and Traction Prediction Tool (LPTPT), which 
utilises various force models to simulate the deformation of soils under varying conditions. 
Comparison of the draught force on a leg sliding through soil experiments to the theoretical 
models show that the Grisso model is the most accurate for estimating the draught force of leg in 
loose the soil simulants presented in this thesis. The overall soil forces affecting a leg in these 
simulants is then presented, showing that there will always be some level of soil available to a 
legged vehicle to traverse soil. The final step will be to investigate a full hexapod’s capability to 
traverse planetary soils, which will be presented in Chapter 7.
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7 .  P e r f o r m a n c e  P r e d i c t i o n  f o r  
L e g g e d  M i c r o r o v e r  C A P T A I N
Chapter 7 proposes a legged microrover for planetary exploration called the Carausius morosus 
All-Purpose Terrain-Autonomous Insect Navigator (CAPTAIN). The performance of this vehicle 
is then predicted on the Martian surface utilising the validated mathematical models from 
Chapter 6. The overall mobility of this legged vehicle on the Viking Lander 1 and 2 sites is then 
assessed to ensure the vehicle would be able to successfully walk on the surface of Mars.
7.1. Evolution of CAPTAIN Development
The study of legged vehicle mobility at the Surrey Space Centre started with the award of the 
Bionics and Space Systems Design contract (AO/l-4469/03/NL/SFe) from the European Space 
Agency. The primary technical notes from this contract involved the investigation into 
biologically inspired technologies proposals for application in space exploration systems. From 
this research, two case studies were initiated. One of which was focused specifically on the 
legged vehicle mobility on planetary surfaces (Ellery et a l , 2005b).
Figure 119 -  a) The crab inspired design and b) the stick insect inspired design for legged vehicles 
proposed as part of the ESA’s Bionics and Space Systems Design contract (Ellery et a l ,  2005b).
Within this case study, two legged vehicles were initially proposed. The first of which (Figure 
119a) was inspired with the more crab-like features of a wide, flat body, though hexapod instead 
of octopod as biological crabs are. The full system was designed, including onboard computing, 
communications, data acquisition, power requirements and scientific payloads. For this vehicle, a 
preliminary approach to legged vehicle mobility was also proposed. The second vehicle (Figure 
119b) was designed with the stick insect as its inspiration. Linear actuated muscles, instead of 
electric motors, moved leg segments around joints and a biologically-inspired evolutionary
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algorithm was applied to train the vehicle how to traverse a Martian terrain, including rocks and 
craters. Each vehicle was designed with a specific research area in mind and therefore different 
vehicles were considered.
Following on from these initial designs, further study was conducted to strengthen the designs for 
a more viable legged locomotion system for planetary exploration. This has led to the design and 
development of CAPTAIN, which has since become the primary baseline for legged vehicle 
mobility research at the University of Surrey.
7.2. CAPTAIN System Design
The Carausius morosus All-Purpose Terrain-Autonomous Insect Navigator (CAPTAIN) 
microrover is proposed in this thesis. It has previously been introduced in other related 
publications and is proposed here as the baseline vehicle for this thesis (Scott and Saaj, 2009c). 
This 6-legged areonaut (an astronaut based on the Martian surface) assistant robot is inspired 
from the Carausius morosus, more commonly known as the stick insect or walking stick. With 
dimensions of 1 m by 0.25 m by 0.14 m, the vehicle also has physical inspiration from the long 
and slender body of the stick insect, which will allow it to climb steep terrain and provide greater 
balance when standing on varying height rocks. This 35 kg vehicle can be utilised by areonauts 
for a variety of tasks from a scientific assistant supplied with experimental payloads to a “pack 
mule” type assistant for carrying equipment over difficult terrain. CAPTAIN has a camera boom 
mounted to the top, which consists of two pairs of stereoscopic cameras for navigation and high- 
resolution imagery collection. A generalised concept of the vehicle is shown in Figure 120.
Figure 120 -  Design concept for the CAPTAIN microrover.
The insect locomotion baseline was selected due to the primary concern over the ability of 
traditional rover designs (i.e., wheeled or tracked) to traverse the less open terrain of some areas 
of the Martian surface. A biologically inspired legged vehicle will have the capability to traverse
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more difficult terrain than its traditional robotic counterparts of similar size (Ellery et al., 2005b), 
the analysis of which will follow.
CAPTAIN is powered by batteries that are recharged by solar panels on the top surface of the 
vehicle. These panels were sized based on motor torque requirements for vehicle walking and the 
additional power required to run core processes while walking, as this would be the most power­
intensive period for the vehicle. From stowed position, the panels unfold outward and to the sides 
of the vehicle above the spaces between each leg, as this will not interfere with locomotion while 
providing additional surface area for solar cells to generate power.
Figure 121 -  CAPTAIN microrover in stowed position before deployment.
The vehicle legs, stereoscopic camera system and solar panels can be folded during transit to 
Mars as shown in Figure 121. Upon landing the front solar panels deploy first to generate power 
for the batteries. Then the stereoscopic camera boom is extended to allow the rear solar panels to 
unfold. Finally, when enough power is generated, the legs can be extended.
Various scientific payloads can be used with this system. Figure 121 shows a generic payload 
with a cylindrical collection subsystem for easy access to an areonaut, as needed. The system is 
designed for convenient access to suited areonauts and hot-swappability with other desired 
scientific payloads. Further enhancement to the legs could allow them to be utilised not only as 
the locomotion system, but also as manipulators with cameras or scientific experiments attached. 
This reduces the need for a “robotic arm” as each leg could also act as an arm for scientific 
examination.
7 . 2 . 1 .  M o b i l i t y  S y s t e m
The vehicle mobility system was inspired by the stick insect in both segment dimensioning and 
joint movement capabilities. The leg segment lengths were designed to be near proportional to 
the body length, though the robot’s leg segments are slightly shorter in proportion compared to its 
insect counterpart to help reduce motor torque requirements for each stancing leg.
The legs are 4 cm by 4 cm rectangular aluminium tubing with a 3 mm wall thickness and 
segment lengths as noted in Table 30. Rectangular tubing was selected instead of cylindrical 
because modelling the mechanical response of the soil is simplified when using flat plates.
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Additionally, the flat-faced leg segments will cause less soil deformation and thereby be able to 
push harder on the soil to gain forward movement, as compared to cylindrical segments. Further 
investigation into the soil response when affected by cylindrical (as well as other more advanced 
leg and footprint concepts) is proposed as a future research direction.
Table 30 -  Leg segment details for the CAPTAIN rover.
Segment Coxa
(1)
Femur
(2)
Tibia
(3)
Segment Length [in] 0.05 0.31 0.47
Joint Direction (wrt body) front/back up/down up/down
Range of Motion [°] $ ll 00 o O J3 — 60 ° y =  100°
7.2.I.I. Kinematic M o d e l
A kinematic model was developed for each leg in order to determine the footprint location during 
each step. Table 31 shows the values of the link parameters determined for the kinematic model 
of the left middle leg based on the reference frame being the centre of mass (CM) of the vehicle 
body. It should be noted that the kinematic models for the other legs will differ due to their offset 
distance (d .)  and change in reference frame angle (at,) for each of the other legs from the 
vehicle’s centre of mass. The link/segment lengths (a,) and rotation angles (#,.) of each 
segment, based on the previous joint, are also included in the table.
Table 31 -  Link parameters used in kinematic model for left middle leg.
Frame
Change
d,
[m]
Or)
[m]
9,
[°3
a t
[°]
CM to Joint 1 0 0.125 0 0
Joint 1 to 2 0 0.05 9, 270
Joint 2 to 3 0 0.31 0
Joint 3 to foot 0 0.47 *3 0
It is important to note that the coxa-body joint is not parallel to the body z-axis in the biological 
stick insect, while for this version of the CAPTAIN vehicle it has been simplified and designed to 
be parallel to the body z-axis. Figure 122 shows the joint coordinates of the kinematic model 
labelled on a rendering of the vehicle leg.
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Figure 122 -  The back-right leg segments of CAPTAIN, labelled with joint axes and range of motion
angles.
7.2.I.2. M o t o r  a n d  P o w e r  Requirements
As previously discussed, there are two phases to walking: stancing and stepping. Depending upon 
the locomotion gait used for a moving hexapod creature, anywhere between one and six legs 
could be stepping simultaneously. Moving any more than 3 legs at a time would cause static 
instability, such as in a running or jumping gait. Moving fewer legs at a time will slow down the 
vehicle’s walking speed but increase its stability. For this thesis, it is assumed that the wave gait 
is used, which, although the slowest walking gait, will provide the greatest static stability for the 
vehicle and distribute the weight across the remaining stancing legs. However, the tripod gait is 
also modelled for comparison.
In the stancing phase of a wave gait, the entire mass of the vehicle is supported by 5 standing 
legs. In the stepping phase of a wave gait, only the mass of a single leg is considered when it 
moves forward. Given the leg masses shown above and overall vehicle mass of 35 kg, the 
stancing phase will require greater motor torque to support the mass of the vehicle than the 
stepping phase requires for a stepping with a single leg. Therefore, the stancing phase is used to 
validate that the motors are strong enough to provide the required torque. Additionally, to ensure 
the worst case scenario is considered, the vehicle stancing on only 3 legs will be considered, as 
the distributed weight of the body will be greater and require more joint torque to hold the 
stancing position.
When considering joint torque requirements, a method utilising the kinematic and dynamic 
models of the vehicle should be implemented (Fu et al., 1987):
Tm=D(q(t))'q{t) + h(q(t),q{t))+G{q{t))
In the above equation, torque (Tm) is determined as a function of the inertial acceleration-related 
effects ( D ), nonlinear Coriolis and centrifugal forces ( h ) and the effect of gravity ( G ) on each 
link. Each of these are affected by the positions ( q ), velocities ( q ) and/or accelerations ( q ) of
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each joint. For a stancing vehicle, there are no dynamic effects, only the potential effect of 
gravity; therefore the first two terms can be negated.
Utilising the Robotics Toolbox for MATLAB, a single leg was simulated in stancing position to 
support of the vehicle body weight distributed across the number of stancing legs in both the 
tripod and wave gait (Corke, 1996). This simulation was done under the gravitational load of 
Mars (3.69 m/s2) with estimations for segment masses, inertias and centres of gravity. Figure 123 
shows the graphical output of the leg segment with the left side contacting the ground 
(represented by the leftmost cylinder), body centre of mass (represented by the x-y-z axis on the 
far right) and each of the three joint motors (represented by cylinders).
Figure 123 -  The simulation of the CAPTAIN’S front/back leg to determine joint torques while
stancing.
Table 32 shows the leg segment distances and the mass of each segment. This information is used 
to determine the joint torques for the wave and tripod gaits shown in Table 33.
Table 32 -  Leg segment lengths and masses for torque calculations
Segment Lengths [m] Segment
Mass
[kg]Front/Back Middle
Body (0) 0.515 0.125 5.4 - 10
Coxa (1) 0.05 0.05 0.394
Femur (2) 0.31 0.31 0.645
Tibia (3) 0.47 0.47 0.800
With an overall vehicle mass is designed at 35 kg, the mass of the body can be estimated as the 
difference between the overall vehicle mass and the masses of the stancing legs. This is then 
evenly distributed across the stancing legs to determine the effective body mass on each leg. 
Therefore, depending upon the walking gait, the body mass supported by each leg ranges from 
5.4 kg during a wave gait to 10 kg for a tripod gait.
173
Performance Prediction for Legged Microrover CAPTAIN
Table 33 -  Torque requirements for front/back legs of CAPTAIN during stancing phase in wave and
________________ tripod gait _____________
Wave gait Tripod gait
T.1
[N-m]
T.1
[N-m]
Coxa Joint (0) - -
Femur Joint (1) 11.2 20.8
Tibia Joint (2) 18.2 33.1
For the middle legs, the required joint torques are 3.5 N-m and 10.5 N-m for wave gait stancing 
and 6.5 N-m and 18.7 N-m for tripod gait stancing. This is expectedly smaller than the front and 
back legs due to the increased distance from the body centre of mass to each joint of the front and 
back legs, as noted in Table 32.
It should also be noted that the torque requirements for stancing are not expressed for the coxa 
joint because the joint is out of plane with the others and is not affected by stancing. It is assumed 
that the structural strength of these motor are sufficient to support the leg torque without breaking 
the motor housing. Instead, the coxa joint torque will be determined based on the vehicle’s 
stancing velocity, which will be less than the torque required by the same joint of the stepping 
leg. Therefore, the torque requirements of the coxa joint motor are sufficiently covered in the 
stepping calculations in Table 33.
Based on the above simulations, the largest expected motor torque (33.1 N-m) will be used as the 
baseline for sizing the joint motors. The motor and gearing assemblies selected to control each of 
the joints on the CAPTAIN vehicle should be identical to simplify the system design and testing. 
Also, there would be minimal mass savings for utilising smaller motors for the middle legs. The 
motors must also be able to fit within the 4 by 4 cm inner dimensions of the leg segment tubing 
while providing the required torque.
The use of maxon motors is considered because they have space heritage from the Mars 
Exploration Rover missions (maxon motors, 2004). Utilising the torque requirements above, the 
maxon RE-max 29 motor was selected with precious metal brushes to ensure survivability in the 
hostile environment of the Martian surface. The GP32A planetaiy gearhead with a gearing ratio 
of 51:1 was also selected. Designed at 11.7 V, the motor assembly is able to deliver an output 
torque of 40 N-m when loaded to 78% of its maximum capability, which will be sufficient to 
support the worst-case scenario torque requirements under the most complex walking gait (with 
an additional margin). With an overall diameter of 32 mm and length of 87.7 mm, the motor 
assembly is sufficiently small enough to fit in the leg shaft housing. The motor has a maximum 
load current of 0.128 A, which would equate to nearly 1.5 W per motor and 3 W of power per leg 
for the 2 motors used to support stancing. Additional power would be required for the third motor 
to support forward motion of the vehicle body, but this would be dependent upon the desired
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forward velocity and leg controller. The consideration of an additional spur gearhead and/or 
harmonic drive system could be considered in the future. Additionally, the use of a motor brake 
would increase the overall motor mass, but would also reduce the required stancing joint torques.
7 . 2 . 2 .  V e h i c l e  C o n t r o l
The vehicle is controlled by a series of sub-controllers, each with its specific requirements. The 
joint controller is used to control the range and rate of motion of each individual joint. The leg 
controller coordinates the joints to move a full leg through a specific trajectory. The gait 
controller selects and executes the desired gait, based on desired speed, soil conditions, etc.
As shown in Figure 124, each controller has several inputs. Some inputs are feedback from other 
controllers or external sensors while others are feedforward from the controller as factors 
anticipated by the vehicle.
Figure 124 -  Controller diagram for CAPTAIN hexapod.
The feedforward information is where the key biological inspiration comes into the controller. 
These inputs can be considered the response that the system anticipates will happen. For 
example, as humans realise with each step that a surface is slippery or solid, the slip and sinkage 
of a leg in soil can be anticipated by the system based on these inputs. Additionally, the passive 
plant muscle model which represents the visco-elasticity of a biological muscle can be modelled 
mathematically. Each of these is briefly introduced in more detail in the following subsections.
7.2.2.I. Joint Controller
The joint controller is responsible for controlling the rotation of a joint independently from any 
other joints. In the simplest form, the joint controller applies a current to a motor to rotate it one 
direction or the other and stops when the destination angle is reached. There may be some
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amount of ramp up and ramp down speed control to drive the motor as well. However, more 
complex methodologies can also be applied to make the joint controller itself more biologically 
inspired. The addition of a spring or damping model to the driving of the joint motor would add a 
measure of visco-elastic control to the joint, similar to the effect of moving biological muscle 
(Scott et a l ,  2008c).
Through manipulating the control of the motor to respond as a biological muscle would, more 
efficient movement can be achieved and a better representation of a complete biological system 
can be investigated. To do this, feedforward control can be applied based on simulated visco­
elastic properties of a muscle, similar to that of the Winters and Starks mathematical muscle 
model (Winters and Stark, 1985). Varying degrees of biologically inspired joint control can be 
applied to this system, but that investigation is beyond the scope of this paper.
7.2.2.2. L e g  Controller
The placement of the foot during each step is the responsibility of the leg controller. It is 
important to ensure the position of the foot after each step is accurate, so that further legs within 
the gait can move. Leg kinematics can determine the position of the leg based 011 the movement 
of the motors. The link parameters required for the kinematic model of the left middle leg are 
presented in Table 31. However, the system must know if there is solid footing at the end of the 
step so that the weight applied on that leg can be re-distributed to the other legs. Therefore, 
knowing the expected sinkage of each step in the soil will give the gait controller a more accurate 
knowledge of when the stepping leg has reached its stancing position.
It would also be the responsibility of the leg controller to perform reflex manoeuvres to avoid
obstacles. However, reflexes are not considered in this research as the primary focus is leg-soil 
interaction, and not the reflex capability of avoiding obstacles or recovering from slips.
1 , 2 . 2 3 .  Gait Controller
The gait controller uses a number of inputs to select the optimal gait for the vehicle to use. This is 
based partially on the speed required to achieve the goal position. However, the anticipation of 
the amount of vehicle slip is also important in gait determination. If a vehicle is expecting to slip 
significantly, a slower gait may be beneficial. Or, if sinkage is high, a gait allowing for the 
vehicle weight to be distributed across more standing legs might be worthwhile. The vehicle’s 
pre-planning of the soil response under the planetary conditions is important to ensure vehicle 
safety and optimal trajectory determination.
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7 . 2 . 3 .  V e h i c l e  S u m m a r y
The CAPTAIN vehicle is proposed as a biologically-inspired robotic areonaut assistant for Mars 
surface operations. It is designed to have swappable payloads depending upon the required 
mission of the areonaut. The legged mobility system is designed to allow for greater terrain 
coverage than wheeled or tracked microrovers. The control scheme is modular, allowing for 
biologically inspired approaches to be included at the joint, leg and gait level, as desired.
The following sections of this paper explore this vehicle’s capability to traverse Martian soil.
7.3. Full Vehicle Modelling
The Open Dynamics Engine (ODE) is an open source library for simulating rigid body dynamics 
(Smith, 2000). As an Application Programming Interface (API), it can easily be utilised under 
any C/C++ program. Within the system, mechanical systems (such as mobile robots, vehicles, 
etc.) can be modelled with various material and joint properties. Frictional properties can also be 
considered between contacting systems within ODE, as well as integrated collision detection. It is 
often utilised in 3D gaming and as part of simulation tools, however has also been used by 
various groups for research.
ODE’s creator, Russell Smith, initially developed the software during his PhD for modelling a 
hopping robot in simulation to determine the contact forces when hopping (Smith, 1998). The 
Autonomous Robotics Lab at Ecole Polytechnique Federate de Lausanne (EPFL) in Switzerland 
has developed a 3D flight simulator that utilises ODE to determine the frictional and bouncing 
forces on a blimp in simulation (Zufferey et al., 2006). Additionally, Vaughan simulated hexapod 
locomotion in the simulation of a stick insect on a Martian terrain field while investigating how 
the vehicle would evolve with every generation to walk on this challenging terrain (Ellery et al., 
2005c). Vaughan (Vaughan et al., 2004) also applied this approach to biped walkers simulated in 
an ODE-created environment. Many other groups have used this method to simulate simple 
mechanical systems for research.
Critics consider the physics engine to be optimised for gaming as opposed to accuracy and should 
not be used at all in research. Therefore, it should to be remembered that the frictional and 
collision detection capabilities are certainly not as strong as a finite element modelling software 
package. However, as long as these limitations are realised and understood, ODE can be used as 
a research tool for quickly determining a reasonably accurate result for the conditions created.
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7 . 3 . 1 .  M o d e l l i n g  E n v i r o n m e n t
An environment was created within ODE to simulate a hexapod vehicle on a given deformable 
surface. Initially, the intention was to utilise ODE as a particle modelling engine to investigate 
the inter-particle friction and cohesion under the steps of a walking robot. However, as noted 
above in the introduction to this section, modelling of friction within ODE is designed to be 
rapid, but not a perfect model. In addition, simulating the hundreds of thousands of particles 
required to fill the deformation area under a pressure plate or moving leg would require 
significant processing power and remove the benefit of ODE being a rapid physics engine. 
Therefore, it was decided that modelling of soil would instead be done through the MATLAB 
scripts introduced in Section 6.1. ODE would then solely be used for modelling the vehicle 
movement in the world environment without modelling any contact friction.
7 . 3 . 2 .  T h e  W o r l d
The “world”, as known in ODE, contains the laws of physics that are applied to all systems 
within the simulation. First, a world coordinate system is created and a gravity direction is 
defined. A standard X-Y-Z coordinate system with gravity pulling in the -Z direction was 
selected for simplicity.
Within this world, a simulation area was defined. This is an area where the systems will interact 
and includes the soil level above the base plane (where z =  0). This soil level was selected to be 
high enough to ensure a sinking footprint of a walking robot would not interact with the base of 
the world.
Also within the world, the time step must be defined. This is the rate at which the simulation 
loops are included as part of friction and damping functions. A smaller time step will lead to 
more accurate results, as long as the simulation parameters are all defined to match that time step. 
A larger time step will be less accurate but will run more quickly. For these simulations, a time 
step of 0.001 seconds was found to provide reasonably fast response while will providing 
accurate results. Additionally, since the friction/contact engine of ODE is not utilised, the time 
step plays no part in contact accuracy, but will still impact the movement of the systems in the 
simulation. At each time step in the ODE simulation, the soil force affecting a moving leg is 
determined through the LPTPT software as defined in Chapter 6.
178
Performance Prediction for Legged Microrover CAPTAIN
7 . 3 . 3 .  T h e  S y s t e m s
Once the world environment has been defined, the systems within the world can be created. Each 
system must then follow the laws of the world, including effects of gravity, momentum and 
object interaction.
The systems within the world are then defined from a base coordinate system. Each system is 
made up of solid bodies that are connected by joints at locations relative to the base coordinate 
system (or relative to the coordinate systems of other bodies already defined in a system). Each 
individual body can be defined as a rectangle, sphere, cylinder or triangular mesh of any desired 
size. Joint options include simple types such as hinge, prismatic, fixed and screw, as well as 
many combinations therein. To these joints, motors can be attached and defined with any desired 
torque/power requirements.
For the legged vehicles simulated in this thesis, simple hinge joints with standard rotary motors 
connect one leg segment to another segment and to the body itself. Vehicle definition can be 
linked to the vehicle database defined in Section 6.1.1. However, ODE requires significantly 
more technical details than the soil modelling simulations in MATLAB and therefore was mostly 
kept separate. Nevertheless, the general parameters of the vehicles modelled in ODE can be 
pulled from the LPTPT vehicle database.
The primary vehicle modelled in this simulation environment is the CAPTAIN, as defined in 
Section 7.2. For this six legged vehicle with three degrees of freedom in each leg, the basic 
locomotion system requires 18 leg segment bodies (and a vehicle body segment), as well as 18 
joints to create the system in simulation. Additional bodies, such as a stereoscopic camera boom, 
were also added to the simulation to ensure the user can determine the front of the otherwise 
symmetric vehicle.
7 . 3 . 4 .  V i s u a l i s a t i o n
Although ODE is primarily a physics engine, output visualisation for the location of every object 
in the simulation can be made. Various graphics rendering engines exist from which visualisation 
of ODE simulations can be made. Many have significant capabilities for overlays and high- 
quality graphics and are often used in the computer gaming industry. However, as visualisation is 
not a requirement for this thesis and game rendering is not the primary output, the default 
rendering engine that comes with ODE was used. Called DrawStuff, this API provides a simple 
graphical output for the movement of a system at each time step within ODE. Basic image 
overlays can be utilised, such as an image of flat sand (used in the figure below) and the default
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cloud cover in the sky. An example of the graphical output of the CAPTAIN rover being 
simulated in ODE and rendered using DrawStuff is shown in Figure 125.
Figure 125 -  Simulation environment with CAPTAIN visualised in ODE’s DrawStuff rendering
engine.
7 . 3 . 5 .  V e h i c l e  C o n t r o l l e r
The vehicle controller introduced in Section 7.2.2 is implemented directly into the ODE 
modelling environment software for the vehicle controller within ODE. The joint controller is a 
PD controller tuned for the leg movement of the CAPTAIN microrover. More advanced visco­
elastic joint controllers were considered but not implemented into this thesis as they are not 
required for the study of the vehicle-ground interaction on deformable soils. Flexibility has been 
built into the software to allow enhancement of the control algorithms utilising external control 
methodologies.
The coordinated movement of each of the three segments in the leg is controlled by the leg 
controller. This was implemented through the pre-programming of five default stepping targets, 
summarised in Table 34.
Table 34 -  Stepping targets for path planning during stepping and stancing phases of leg movement.
Stepping
Target X Location Z Location Phase of Stepping
1 AEP Sinkage Level End of stancing phase
2 AEP Soil Level Lifting leg to start stepping phase
3 Directly out from joint (origin position)
Maximum Lifting 
Distance
Moving leg forward and up 
in stepping phase
4 PEP Soil Level Moving leg forward and down in stepping phase
5 PEP Sinkage Level Beginning of stancing phase
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Each of these targets was called in turn and the inverse kinematics of the leg model was used to 
determine the joint angle required for the foot to reach the desired stepping target. Then, each of 
the joint angles was moved at a pre-defined velocity from the current to the next target position.
The velocity at which the stepping and stancing phase was determined based on how fast the 
vehicle was expected to walk. One full stepping and stancing cycle together are considered the 
gait cycle. If the goal of the walking vehicle is to move at a specific forward velocity, then the 
individual leg joint movement velocities can be determined based on that speed. Alternatively, if 
the vehicle velocity is not important, while the interaction velocity between the leg and the 
ground is important, then the gait cycle time can be determined from the input joint velocities. As 
the speed at which the leg moves against the soil must be minimised to study the effect of the soil 
forces without consideration for additional momentum and velocity effects, then a slow 
joint/leg/gait movement is desired.
In order for the vehicle to walk using the wave gait (stepping with only one leg at a time while 
stancing with 5) the stepping velocity must be 6 times faster than the stancing velocity. 
Additionally, each of the legs must be following the same routine, but out of phase by 1/6 of the 
cycle.
It must also be noted that advanced reflex algorithms are not considered in this thesis. The focus 
of this research is the vehicle-soil interaction and the consideration of obstacle avoidance is not 
considered. Additionally, the vehicle is programmed to walk in a straight line and requires no 
navigation capability for this research. Flexibility was built into the LPTPT to allow for this to be 
upgraded in the future.
7.4. Reference Environment -  Mars
Mars is the closest terrestrial analogue in the solar system and this makes it of considerable 
geological, geochemical and geophysical interest. Furthermore, the possibility that life may have 
emerged on Mars during earlier epochs makes Mars a prime target (in line with ESA’s Aurora 
programme) (Ellery et a l ,  2002). Several Aurora programme missions will target Mars, including 
ExoMars and Mars Sample Return (MSR) missions. The Mars environment impacts explorer 
design in several ways.
Localised regions of the Martian surface are reasonably well characterised from Viking Landers 
1 and 2 and Pathfinder landing sites. Each site’s rock distribution properties has been modelled 
statistically providing a well-defined reference terrain environment (Golombek and Rapp, 1997).
Mars has a number of different types of regolith (drift, crusty-to-cloddy and rock), which have 
been measured in terms of soil cohesion and angle of internal friction. There is no data on actual
181
Performance Prediction for Legged Microrover CAPTAIN
Martian regolith deformation parameters but these can be approximated through the use of the 
various Martian soil simulants 01* from actual lunar soil data. Appendix A contains a collection of 
soil data and simulated soil data from Earth, Mars and the Moon. This information may provide 
the basis for the application of Bekker theory to determine tractive capabilities of different modes 
of mobility (Bekker, 1956; Bekker, 1969). Appendix B summarises some information about the 
Mars environment that will be critical to know in the design of a robotic exploration mission, 
however these are not directly applicable to the investigation of the mobility of a legged vehicle 
on the Martian surface.
7.5. Results of Legged Vehicle Performance on 
Martian Surface
The CAPTAIN vehicle presented in the sections above is considered the baseline vehicle for 
hexapod locomotion on the Martian surface. In order to evaluate its performance potential, the 
LPTPT simulation software must be employed, while physical and graphical representation is 
expressed through the ODE expansion to the LPTPT.
The soil properties determined from experimental work done by the Viking Landers at the two 
landing sites (VL1 and VL2) are required to effectively examine the vehicle’s performance in 
Martian soil. Additionally, some mechanical soil property values exist form the Mars Exploration 
Rover missions (MERs), though these are estimated from wheel sinkage depths as opposed to 
more formal shearing strength tests. These soil properties are summarised in Table 35.
Table 35 -  Mechanical properties for Martian soil at VL1, VL2 and M ER sites.
Soil *
[°]
C0
[Pa] [Pa/mn]
K
[Pa/m(n-
1}]
n
[-1
p
[kg/m3]
VL1 Drift* 
(Patel, 2005) 18 1600 820,000 1400 1.0 1150
VL2 crusty cloddy* 
(Patel, 2005) 34.5 1100 820,000 1400 1.0 1137
MER Gusev Crater 
Landing Site** 
(Arvidson et al., 2004)
20 1000 820,000 1400 1.0 1137
MER Gusev Crater 
Mesa** 
(Perko et a l,  2006)
38 0 820,000 1400 1.0 1137
* no experimental data exists from VL1 or VL2, therefore lunar values are assumed, and n-1 is assumed (Carrier et al., 1991). 
** no experimental data exists from the MER missions for pressure-sinkage or density values, VL2 values are assumed.
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The LPTPT was run with the CAPTAIN microrover walking with a wave gait (lifting one leg at a 
time, leaving five in contact with the surface) and a tripod gait (stepping with three legs at a time). 
Both sets of Viking soil data are considered under Mars gravity in this investigation, as well as both 
sets of MER data. The summary of the soil forces under VL1, VL2 and M ER soil conditions are
expressed in Table 36,
Table 37 and
Table 38, respectively.
Table 36 -  Soil forces on a single leg of the CAPTAIN microrover stepping vertically into VL1 soil.
VL1 - 10 mm sinkage VL1 -  20 mm sinkage
Force Type Wave Gait [N]
Tripod Gait 
IN]
Wave Gait 
[N]
Tripod Gait 
[N]
9.53 14.04 9.53 14.04
Fo 1.91 1.91 4.85 4.86
f a -0.027 -0.027 -0.109 -0.109
Ff 1.408 1.408 2.82 2.82
Soil Force on Leg 12.83 17.33 17.09 21.60
DP (vehicle) 64.15 51.99 85.45 64.8
Table 37 -  Soil forces on a single leg of the CAPTAIN microrover stepping vertically into VL2 soil
VL2 - 1 0  mm sinkage VL2 -  20 mm sinkage
Force Type Wave Gait 
[N]
Tripod Gait 
[N]
Wave Gait 
[N]
Tripod Gait 
[N]
Ho 16.21 25.74 16.21 25.74
Fo 1.44 1.44 4.11 4.11
f a -0.014 -0.014 -0.058 -0.058
Fp 0.98 0.98 1.94 1.94
Soil Force on Leg 18.60 28.14 22.20 31.73
DP (vehicle) 93.00 84.42 111.00 95.19
Table 38 -  Soil forces on a single leg of the CAPTAIN microrover stepping vertically into M ER 
__________________  Gusev Crater (Landing Site) soil._____________________
VL2 - 1 0  mm sinkage VL2 -  20 mm sinkage
Force Type Wave Gait [N]
Tripod Gait 
[N]
Wave Gait 
[N]
Tripod Gait 
[N]
H0 18.18 29.02 18.18 29.02
f d 1.65 1.65 4.72 4.72
Fa -0.013 -0.013 -0.050 -0.050
f f 0.98 0.98 1.95 1.95
Soil Force on Leg 20.79 31.63 24.81 35.65
DP (vehicle) 103.95 94.89 124.05 106.95
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T h e  r e s u l t s  s h o w  t h a t  t h e  v e h i c l e  h a s  t r a c t i v e  c a p a b i l i t y  i n  t h e  s o i l  w h e n  s t e p p i n g  v e r t i c a l l y  i n t o  
V L 1  s o i l .  T h e  i n d i v i d u a l  l e g  d r a w b a r  p u l l  i n c r e a s e s  w i t h  s i n k a g e ,  a s  w o u l d  b e  e x p e c t e d .  A l s o ,  a s  
t h e  w e i g h t  i s  d i s t r i b u t e d  a c r o s s  m o r e  l e g s  i n  t h e  w a v e  g a i t  c o m p a r e d  t o  t h e  t r i p o d  g a i t  ( 5  l e g s  
s u p p o r t i n g ,  i n s t e a d  o f  o n l y  3 ) ,  t h e  s o i l  t h r u s t  i n c r e a s e s ,  w h i l e  t h e  o t h e r  f o r c e s  s t a y  t h e  s a m e  ( a s  
w e i g h t  d i s t r i b u t i o n  i s  o n l y  i n d i r e c t l y  r e l a t e d  t o  d r a u g h t  o r  a c t i v e  f o r c e ) .  E x t r a p o l a t i n g  t h e  f u l l  
v e h i c l e  d r a w b a r  p u l l  f r o m  t h e  i n d i v i d u a l  l e g  c a p a b i l i t y  a n d  t h e  n u m b e r  o f  l e g s  i n  c o n t a c t  w i t h  t h e  
g r o u n d ,  t h e  r e s u l t s  s h o w  t h a t  a l t h o u g h  t h e  d r a w b a r  p u l l  i n c r e a s e s  a s  t h e  n u m b e r  o f  c o n t a c t i n g  
l e g s  d e c r e a s e s ,  t h e  o v e r a l l  d r a w b a r  p u l l  d e c r e a s e s .  H o w e v e r ,  i n  t h e  c a s e s  o f  b o t h  g a i t s ,  t h e  
v e h i c l e  w o u l d  h a v e  t h e  a b i l i t y  t o  t r a v e r s e  t h e  V L 1  s o i l .
S i m i l a r  t o  t h e  V L 1  c o n d i t i o n s ,  l e g  t r a c t i o n  i n c r e a s e s  w i t h  d e p t h  a n d  w i t h  t h e  i n c r e a s e d  w e i g h t  o n  
e a c h  l e g .  T h e  i n d i v i d u a l  l e g  d r a w b a r  p u l l  i s  h i g h e r  i n  e a c h  c a s e  c o m p a r e d  t o  t h e  V L 1  s o i l ,  w h i c h  
i s  d u e  t o  t h e  s i g n i f i c a n t l y  h i g h e r  f r i c t i o n  a n g l e  o f  t h i s  s o i l .  I t  c a n  a l s o  b e  s e e n  t h a t  t h e  o v e r a l l  
v e h i c l e  d r a w b a r  p u l l  i s  g r e a t e r  w h e n  m o r e  l e g s  a r e  i n  c o n t a c t  w i t h  t h e  g r o u n d  ( w a v e  g a i t )  t h a n  
w i t h  l e s s  l e g s  i n  c o n t a c t  w i t h  t h e  g r o u n d  ( t r i p o d  g a i t ) .  T h i s  w o u l d  m e a n  t h a t  t h e  v e h i c l e  w o u l d  
h a v e  m o r e  c a p a b i l i t y  i n  V L 2  s o i l  t h a n  i n  V L 1  s o i l .
T h e  s a m e  r e l a t i o n s h i p  c a n  b e  s e e n  f o r  t h e  s i m u l a t i o n  o f  t h e  C A P T I A N  l e g  i n  M E R  s o i l  a t  t h e  
G u s e v  C r a t e r  l a n d i n g  s i t e .  I n  t h i s  c a s e ,  t h e  r e s u l t i n g  s o i l  f o r c e s  a r e  g r e a t e r  h e r e  t h a n  e i t h e r  o f  t h e  
V i k i n g  L a n d e r  s i t e  s o i l s .  W h e n  c o n s i d e r i n g  t h e  M E R  G u s e v  C r a t e r  M e s a  s o i l ,  t h e  s i m u l a t i o n s  d i d  
n o t  p r o v i d e  a c c u r a t e  r e s u l t s .  I n  t h i s  c a s e ,  t h e  d r a u g h t  f o r c e  o f  t h e  l e g  i n  t h e  s o i l  d e c r e a s e d  w i t h  
i n c r e a s i n g  d e p t h ,  w h i c h  w o u l d  n o t  b e  t h e  c a s e .  T h e  r e a s o n  b e h i n d  t h i s  i s  t h a t  t h e  s o i l  p r o p e r t i e s  
c o l l e c t e d  f r o m  t h i s  s i t e  w e r e  a c h i e v e d  u t i l i s i n g  t h e  e f f e c t i v e / s e c a n t  m e t h o d  a n d  t h e r e f o r e  
a s s u m i n g  a  c o h e s i o n  o f  z e r o .  T h i s  w o u l d  n o t  b e  t h e  c a s e ,  a s  i t  h a s  a l r e a d y  b e e n  e x p r e s s e d  t h a t  
M a r s  s o i l  i s  s h o w n  t o  h a v e  s o m e  c o h e s i v e  p r o p e r t i e s .  T h e  G r i s s o  m e t h o d  r e q u i r e s  t h e  s o i l  
p r o p e r t i e s  b e  c o l l e c t e d  u t i l i s i n g  t h e  i n s t a n t a n e o u s / t a n g e n t i a l  m e t h o d  t o  e n s u r e  b o t h  t h e  c o h e s i v e  
a n d  f r i c t i o n a l  e f f e c t s  a r e  i n c l u d e d .  T h e  i m p o r t a n c e  o f  t h e s e  r e s u l t s  i s  d i s c u s s e d  f u r t h e r  i n  t h e  
f o l l o w i n g  s e c t i o n .
7.6. Discussion of Results -  Vehicle Mobility
I t  h a s  n o t  y e t  b e e n  d i s c u s s e d  w h a t  i m p a c t  t h e  l e g  a n d  b o d y  f o r c e s  w o u l d  h a v e  o n  t h e  d r a w b a r  
p u l l .  I n  s h o r t ,  t h e  d r a w b a r  p u l l  w o u l d  n o t  c h a n g e  d u e  t o  t h e s e  f o r c e s .  T h i s  i s  s i m i l a r  t o  w h e e l e d  
a n d  t r a c k e d  v e h i c l e  m o b i l i t y ,  a s  d r a w b a r  p u l l  i s  t h e  m e a s u r e  o f  a  v e h i c l e ’ s  a b i l i t y  t o  t r a v e r s e  a  
g i v e n  s o i l  ( W o n g ,  2 0 0 1 ) .
C o n s i d e r i n g  a  s l o w  m o v i n g  v e h i c l e ,  t h e  f o r c e  e x e r t e d  b y  t h e  b o d y  a n d  u p p e r  l e g  j o i n t s  o n t o  t h e  
l o w e r  l e g  s e g m e n t  w o u l d  b e  v e r y  s m a l l .  T h e r e f o r e ,  t h e  a v a i l a b l e  d r a w b a r  p u l l  w o u l d  b e  s u f f i c i e n t  
t o  a c h i e v e  l o c o m o t i o n  i n  s o i l .  I n  c o m p a r i s o n ,  i f  t h e  v e h i c l e  w o u l d  b e  m o v i n g  q u i c k l y ,  t h i s  f o r c e
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w o u l d  b e  h i g h e r  d u e  t o  h i g h e r  m o t o r  t o r q u e s  t h r o u g h o u t  t h e  l e g  s y s t e m .  I n  w h i c h  c a s e ,  t h e  f o r c e  
e x e r t e d  o n  t h e  l e g  b y  t h e  l e g  j o i n t  m o t o r s  w o u l d  a f f e c t  p e r f o r m a n c e .  T h i s  i s  e x p r e s s e d  g r a p h i c a l l y  
i n  F i g u r e  1 2 6  f o r  p e r f o r m a n c e  o f  e a c h  l e g  o f  t h e  C A P T A I N  v e h i c l e  d u r i n g  w a v e  g a i t  i n  V L 1  s o i l .  
A  1 5  N  f o r c e  i s  a p p l i e d  t o  t h e  l e g  s e g m e n t  f r o m  t h e  b o d y  a n d  u p p e r  l e g  j o i n t s .
Horizontal Component of Soil Forcos
Soil Thrust (t-y 
Drsught Fores (F^ ) 
Activ* Force (FA)
■r—  Leg Friction (Fp)
*r-- Body Force (Fg)
-—  Leg Load (FL)
 Maximum Total Force
0.015 
Sinkage [m]
0.025 003
F igu re  126 -  P erfo rm an ce in V L 1  soil with 15 N of force applied to the leg during w ave gait
locom otion.
D u e  t o  t h e  m a x i m u m  a v a i l a b l e  f o r c e  o f  t h e  V L 1  s o i l ,  i f  1 5  N  o f  f o r c e  i s  a p p l i e d  b y  t h e  l e g  j o i n t s  
t o  t h e  l e g  s e g m e n t ,  t h e  p e r f o r m a n c e  o f  t h e  v e h i c l e  i s  n e g a t i v e  ( n o  f o r w a r d  m o t i o n  i s  p o s s i b l e  a n d  
1 0 0 %  s l i p  o c c u r s )  u n t i l  t h e  s l i p  c a u s e s  a  s i n k a g e  o f  a r o u n d  1 6  m m ,  a t  w h i c h  p o i n t  t h e r e  w o u l d  b e  
e n o u g h  s o i l  f o r c e  t o  p u s h  t h e  v e h i c l e  f o r w a r d .  C o m p a r a t i v e l y ,  i f  t h e  s a m e  c o n d i t i o n s  a p p l i e d  a n d  
1 5  N  o f  f o r c e  w a s  a p p l i e d  b y  t h e  v e h i c l e  d u r i n g  l o c o m o t i o n ,  t h e  r e s u l t s  w o u l d  v a r y  i n  V L 1  s o i l .  
F i g u r e  1 2 7  s h o w s  t h a t ,  a l t h o u g h  i n i t i a l l y  t h e r e  w o u l d  b e  n o  f o r w a r d  m o t i o n  b y  t h e  v e h i c l e ,  t h e  
t r a n s i t i o n  t o  t r i p o d  g a i t  w o u l d  i n c r e a s e  t h e  n o r m a l  p r e s s u r e  e n o u g h  t o  q u i c k l y  ( a f t e r  o n l y  3 m m  o f  
s i n k a g e )  t o  g a i n  f o r w a r d  t r a c t i o n .
Horizontal Component of Soil Forcos
30
20
-10
-20
— ■—  Soil Thrust (Hq)
— •—  Draught Force (F^ ) 
— •—  Active Force (FA)
— -r—  Leg Friction (Ff)
— .—  Body Force (Fg)
— *—  Leg Load (FL)
— Maximum Total Forca
0.005 0.025 0.030.01 0.015 0.02
Sinkage [m]
F igu re  127 -  P erfo rm an ce in V L 1 soil with 15 N of force applied to the leg during tripod gait
locom otion.
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T h i s  v a r i e s  g r e a t l y  f o r  u n d e r  t h e  s a m e  s c e n a r i o  i n  V L 2  s o i l .  W h e n  t h e  1 5  N  o f  f o r c e  f r o m  t h e  
u p p e r  l e g  j o i n t s  s t i l l  i s  a d d e d  t o  t h e  s y s t e m  d u r i n g  w a v e  g a i t ,  t h e  e f f e c t  o n  m o b i l i t y  s t i l l  e x i s t s ,  
b u t  d o e s  n o t  c a u s e  t h e  l e g ’ s  t o t a l  p e r f o r m a n c e  t o  f a l l  b e l o w  z e r o .  T h e r e f o r e ,  t h e r e  i s  a l w a y s  t h e  
p o t e n t i a l  f o r  f o r w a r d  m o t i o n  i n  V L 2  s o i l  w i t h  u p  t o  1 5  N  o f  f o r c e  a p p l i e d  b y  t h e  v e h i c l e .  T h i s  c a n  
b e  s e e n  i n  F i g u r e  1 2 8 .
Horizontal Component of Soil Forces
30
20
g 10 © uo
LL 0j*
•10
-20
—  Soil Thrust (H0)
—  Draught Force (FD)
—  Active Force (FA)
—  Leg Friction (Fp)
—  Body Force (FB)
—  Leg Load (FL)
—  Maximum Total Force
0.005 0.01 0.015 
Sinkage [m]
0.02 0.025 0.03
F ig u re  1 2 8  -  P e rfo rm an ce  in V L 2  soil w ith 15  N  of fo rce  applied to  th e leg during w ave gait
locom otion.
T h e  r e s u l t s  t h e r e f o r e  s h o w  t h a t ,  a l t h o u g h  t h e  s o i l  i s  s t r u c t u r a l l y  s t r o n g  e n o u g h  t o  s u p p o r t  t h e  
l o c o m o t i o n  o f  a  h e x a p o d  r o v e r  i n  e i t h e r  V L 1  o r  V L 2  s o i l ,  t h e  e f f e c t  o f  m o t o r  t o r q u e  a p p l i e d  b y  
t h e  l e g  a n d  v e h i c l e  c o n t r o l l e r  w o u l d  a f f e c t  t h e  o v e r a l l  v e h i c l e  p e r f o r m a n c e .  T h e r e f o r e ,  i t  i s  
e s s e n t i a l  f o r  t h e  v e h i c l e  c o n t r o l l e r  t o  h a v e  a n  e s t i m a t e  o f  t h e  s o i l  s t r e n g t h  d u r i n g  l o c o m o t i o n .
7.7. C h a p t e r  S u m m a r y
C h a p t e r  7  c o n c l u d e s  t h a t  t h e  3 5  k g  l e g g e d  C A P T A I N  m i c r o r o v e r  c a n  t r a v e r s e  t h e  g r a n u l a r  
s u r f a c e s  o f  M a r s .  T h i s  v e h i c l e  w a s  s i m u l a t e d  t h o u g h  t h e  p r e d i c t i o n  m o d e l  o f  a  l e g  p u s h i n g  
t h r o u g h  s o i l  a n d  v a l i d a t e d  b y  e x p e r i m e n t a l  w o r k  p e r f o r m e d  a s  p a r t  o f  t h i s  t h e s i s .  T h e  r e s u l t s  
s h o w  t h a t  t h i s  v e h i c l e  w o u l d  h a v e  t h e  c a p a b i l i t y  t o  t r a v e r s e  t h e  s o i l s  o f  M a r s  a t  t h e  V L 1 ,  V L 2  
a n d  M E R  G u s e v  C r a t e r  s i t e s ,  a l t h o u g h  p e r f o r m a n c e  a t  t h e  M E R  s i t e  i s  s h o w n  t o  b e  t h e  h i g h e s t .
T h e  r e s u l t s  s h o w  t h a t ,  e v e n  i f  t h e  l e g g e d  v e h i c l e  h a s  t h e  a b i l i t y  t o  g a i n  t r a c t i v e  e f f o r t  f r o m  t h e  
s o i l ,  t h e  v e h i c l e  c o n t r o l l e r  m u s t  b e  r o b u s t  e n o u g h  t o  m i n i m i s e  t h e  f o r c e  o n  t h e  l e g  s e g m e n t  
d u r i n g  w a l k i n g .  T h e  r e s u l t s  a l s o  s h o w  t h a t  v a r i a t i o n  i n  w a l k i n g  g a i t  h a s  a n  e f f e c t  o n  t h e  o v e r a l l  
d r a w b a r  p u l l  o f  t h e  v e h i c l e .  T h e  v e h i c l e ’ s  g a i t  c o n t r o l l e r  m u s t  b e  p r o g r a m m e d  t o  v a r y  t h e  g a i t  
d e p e n d i n g  u p o n  t h e  e x p e c t e d  p e r f o r m a n c e  o f  t h e  v e h i c l e  i n  t h e  s o i l  i t  i s  t r a v e r s i n g .  T h i s  
s i m u l a t i o n  c u r r e n t l y  a s s u m e s  a n  e v e n  w e i g h t  d i s t r i b u t i o n ,  b u t  w i t h  t h e  i m p l e m e n t a t i o n  o f  
a d v a n c e d  c o n t r o l  t e c h n i q u e s ,  a n  a c c u r a t e  m o b i l i t y  m o d e l  o f  a n y  l e g g e d  v e h i c l e  c o u l d  b e
p r o d u c e d .
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8. Conclusions
C h a p t e r  8  s u m m a r i s e s  t h e  r e s u l t s  a n d  c o n c l u s i o n s  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r s  o f  t h i s  
t h e s i s .  T h e  s i g n i f i c a n t  a c h i e v e m e n t s  m a d e  t h r o u g h  t h i s  r e s e a r c h  a r e  a l s o  p r e s e n t e d .  F i n a l l y ,  
p r o p o s a l s  o f  f u t u r e  w o r k  t o  e n h a n c e  t h e  d e p t h  o f  t h i s  r e s e a r c h  a r e  m a d e ,  a l o n g  w i t h  e x a m p l e s  o f  
f u t u r e  p r o j e c t s  t h a t  w o u l d  i n c r e a s e  t h e  b r e a d t h  a n d  d e p t h  o f  t e r r a m e c h a n i c s  r e s e a r c h  a t  t h e  S u r r e y  
S p a c e  C e n t r e .
8.1. S u m m a r y  of Conclusions
T h r o u g h  t h e  r e s e a r c h  p r e s e n t e d  i n  t h i s  t h e s i s ,  m a n y  c o n t r i b u t i o n s  h a v e  b e  m a d e  t o  t h e  s t a t e  o f  t h e  
a r t .  A  b r i e f  s u m m a r y  o f  t h e  r e s u l t s  a n d  c o n c l u s i o n s  t h r o u g h o u t  e a c h  c h a p t e r  o f  t h e  t h e s i s  a r e  
h i g h l i g h t e d  b e l o w :
C h a p t e r  3  i d e n t i f i e s  t h e  s i g n i f i c a n t  l a c k  o f  u n d e r s t a n d i n g  i n  t h e  r e s e a r c h  a r e a  o f  m i c r o r o v e r  
m o b i l i t y ,  e s p e c i a l l y  w i t h  r e g a r d s  t o  l e g g e d  v e h i c l e  m o b i l i t y  i n  c o m p r e s s i b l e  s o i l s .  A d d i t i o n a l l y ,  i t  
r a i s e s  c o n c e r n  o v e r  t h e  a p p l i c a t i o n  o f  t r a d i t i o n a l  s o i l  m e c h a n i c s  t e s t i n g  a s  a n  a c c u r a t e  m e t h o d  f o r  
o b t a i n i n g  t h e  m e c h a n i c a l  s o i l  p r o p e r t i e s  a p p l i c a b l e  f o r  m i c r o r o v e r  m o b i l i t y  m o d e l s .
C h a p t e r  4  p r o p o s e s  t w o  n e w  M a r t i a n  s o i l  s i m u l a n t s :  S S C - 1  a n d  S S C - 2 ,  q u a r t z  a n d  g a r n e t  m i n e r a l  
s a n d s .  I n  d o i n g  s o ,  t r a d i t i o n a l  s h e a r  s t r e n g t h  t e s t i n g  i s  c o n d u c t e d  t o  d e t e r m i n e  t h e  m e c h a n i c a l  
p r o p e r t i e s  o f  t h e  s o i l .  N o n - t r a d i t i o n a l  p r o c e d u r e s  w e r e  a l s o  f o l l o w e d  t o  p r e s e n t  t h e  s t r e n g t h  o f  t h e  
s o i l  u n d e r  c o n d i t i o n s  m o r e  r e p r e s e n t a t i v e  o f  m i c r o r o v e r  c o n d i t i o n s .  T h e  s i g n i f i c a n t  v a r i a t i o n  i n  
t h e s e  r e s u l t s  i s  p r e s e n t e d  a n d  t h e  e f f e c t  o f  u s i n g  t h e m  i n  p r e d i c t i o n  m o d e l s  f o r  v e h i c l e  m o b i l i t y .  
T h e s e  r e s u l t s  w e r e  a l s o  c o m p a r e d  t o  i n - s i t u  d e n s i t y  t e s t i n g  t o  e x a m i n e  t h e  r e l a t i o n s h i p  b e t w e e n  
s h e a r i n g  s t r e n g t h  o f  s o i l  a n d  t h e  r e l a t i v e  d e n s i t y  t h e  s o i l  i s  u n d e r .  T h e  r e s u l t s  s h o w  t h a t  s a m p l e  
p r e p a r a t i o n  m e t h o d s  a r e  i m p o r t a n t  i n  t e r r a m e c h a n i c s  r e s e a r c h  b e c a u s e  c h a n g e s  i n  r e l a t i v e  d e n s i t y  
o f  t h e  s a m p l e  c h a n g e s  t h e  s o i l  s h e a r  s t r e n g t h .  F u r t h e r ,  t h e  r e s u l t s  w e r e  e x t r a p o l a t e d  t o  i n v e s t i g a t e  
t h e  s h e a r  d e f o r m a t i o n  m o d u l u s  a n d  i t s  n o n - l i n e a r  e f f e c t  f o r  p r e d i c t i n g  v e h i c l e  s l i p p a g e .  T h e s e  
r e s u l t s  s h o w  t h a t  t h e  s h e a r  d e f o r m a t i o n  m o d u l u s  i s  n o t  c o n s t a n t  f o r  s m a l l  c o n t a c t  p r e s s u r e s ,  n o r  i s  
i t  l i n e a r  a s  p r o p o s e d .  I n s t e a d ,  s i g n i f i c a n t  v a r i a t i o n  i s  f o u n d  a s  n o r m a l  p r e s s u r e  a p p r o a c h e s  z e r o .
C h a p t e r  5  f u r t h e r s  t h e  e x p e r i m e n t a l  r e s e a r c h  b y  e x a m i n i n g  t h e  r e s p o n s e  o f  s o i l  u n d e r  t h e  
h o r i z o n t a l  a n d  v e r t i c a l  l o a d i n g  o f  a  m i c r o r o v e r  l e g  s e g m e n t .  U t i l i s i n g  i n - h o u s e  e x p e r i m e n t a l  
t e c h n i q u e s ,  t h e  d r a u g h t  f o r c e  o f  s o i l  d e f o r m i n g  u n d e r  t h e  h o r i z o n t a l  m o v e m e n t  o f  t h e  l e g  
s e g m e n t  w a s  d e t e r m i n e d  u n d e r  l o o s e  a n d  c o m p a c t e d  s a m p l e  p r e p a r a t i o n  m e t h o d s .  E a c h  o f  t h e s e  
p r e p a r a t i o n  m e t h o d s  w a s  e x a m i n e d  f o r  c o n s i s t e n c e  a n d  r e l i a b i l i t y  a n d  t h e  i n - s i t u  d e n s i t y  w a s  
d e t e r m i n e d  f o r  e a c h .  T h i s  r e l a t i v e  d e n s i t y  w a s  c o r r e l a t e d  t o  t h e  s o i l  f o r c e  i n  t h e  t e s t s  t o
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e m p h a s i s e  t h e  i m p o r t a n c e  o f  u n d e r s t a n d i n g  t h e  s o i l  c o n d i t i o n s  t o  m o r e  a c c u r a t e  p r e d i c t  v e h i c l e  
p e r f o r m a n c e .  A d d i t i o n a l l y ,  t h e  s l i p - s i n k a g e  r e l a t i o n s h i p  o f  t h e  l e g  s l i p p i n g  t h r o u g h  s o i l  u n d e r  
v a r i o u s  n o r m a l  p r e s s u r e s  i s  d e t e r m i n e d  t o  b e  n o n - l i n e a r  f o r  a  s l i p p i n g  l e g  s e g m e n t  i n  s o i l .
C h a p t e r  6  u t i l i s e s  t h e  e x p e r i m e n t a l  d a t a  f r o m  C h a p t e r s  4  a n d  5 ,  a s  w e l l  a s  t h e  s o i l  f o r c e  m o d e l s  
p r e s e n t e d  i n  C h a p t e r  3 ,  t o  m a t h e m a t i c a l l y  m o d e l  t h e  s o i l  f o r c e s  o n  a  l e g  s e g m e n t  i n  s o i l .  T h e s e  
v a l i d a t e d  m o d e l s  a r e  t h e n  e x t r a p o l a t e d  t o  p r e d i c t  t h e  p e r f o r m a n c e  o f  a  s i n g l e  l e g  i n  s o i l ,  h i  d o i n g  
s o ,  t h e  L e g g e d  P e r f o r m a n c e  a n d  T r a c t i o n  P r e d i c t i o n  T o o l  ( L P T P T )  w a s  d e v e l o p e d  b a s e d  o n  t h e s e  
p e r f o r m a n c e  m o d e l s  a n d  l e g  s i m u l a t i o n s  i n  s o i l s  w e r e  d e v e l o p e d .
C h a p t e r  7  p r o p o s e s  a  n o v e l  l e g g e d  m i c r o r o v e r  f o r  t h e  e x p l o r a t i o n  o f  p l a n e t a r y  s u r f a c e s  c a l l e d  t h e  
C a r a u s i u s  m o r o s u s  A l l - P u r p o s e  T e r r a i n - A u t o n o m o u s  I n s e c t  N a v i g a t o r  ( C A P T A I N ) .  S p e c i f i c a l l y ,  
t h e  p r o p e r t i e s  o f  v a r i o u s  M a r t i a n  s u r f a c e  s i t e s  w e r e  c o n s i d e r e d  a n d  a  f u l l  v e h i c l e  s i m u l a t o r  w a s  
d e v e l o p e d  u s i n g  t h e  O p e n  D y n a m i c s  E n g i n e  p h y s i c s  e n v i r o n m e n t  a n d  e v a l u a t e d  u n d e r  t h e s e  s o i l  
c o n d i t i o n s .  T h e  L P T P T  w a s  u t i l i s e d  t o  d e t e r m i n e  l e g  p e r f o r m a n c e  i n  M a r t i a n  s o i l  a n d  
e x t r a p o l a t e d  t o  t h e  f u l l  v e h i c l e  o n  t h e  M a r t i a n  s u r f a c e  t o  d e t e r m i n e  o v e r a l l  v e h i c l e  p e r f o r m a n c e .  
T h e  s i m u l a t i o n  s h o w s  t h a t  a  l e g g e d  v e h i c l e  w o u l d  h a v e  t h e  a b i l i t y  t o  t r a v e r s e  t h e  M a r t i a n  s o i l .
8.2. R e s earch A c h i e v e m e n t s
T h e  r e s e a r c h  p r e s e n t e d  i n  t h i s  t h e s i s  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  s t a t e  o f  t h e  a r t  i n  m i c r o r o v e r  
m o b i l i t y  i n  t h e  f o l l o w i n g  w a y s :
•  L e g g e d  v e h i c l e  m o b i l i t y  m o d e l  -  A  m a t h e m a t i c a l  m o d e l  i s  c o n c l u s i v e l y  p r e s e n t e d  
t h a t  a c c u r a t e l y  p r e d i c t s  t h e  m o b i l i t y  o f  a  l e g g e d  m i c r o r o v e r  i n  c o m p r e s s i b l e  g r a n u l a r  
s o i l s .  T h i s  m o d e l  w a s  v a l i d a t e d  t h r o u g h  e x p e r i m e n t a l  t e s t i n g  a n d  i s  a p p l i c a b l e  t o  
b o t h  E a r t h - b a s e d  a n d  p l a n e t a r y  s o i l s .
•  E f f e c t  o f  s o i l  s a m p l e  d e n s i t y  o n  m i c r o r o v e r  p e r f o r m a n c e  -  E x p e r i m e n t a l  r e s u l t s  
h i g h l i g h t  t h e  i m p a c t  o f  v a r y i n g  t h e  d e n s i t y  o f  a  c o m p r e s s i b l e  s o i l  s a m p l e  o n  t h e  
p r o p e r t i e s  o f  t h a t  s o i l ,  a n d  t h e r e f o r e  t h e  t r a f f i c a b i l i t y  o f  t h e  s o i l  f o r  a  m i c r o r o v e r .  
T h e s e  v a r i a t i o n s  i n  s o i l  p r o p e r t i e s  b a s e d  o n  t h e  r e l a t i v e  d e n s i t y  o f  a  s o i l  m u s t  b e  
t a k e n  i n t o  a c c o u n t  i n  o r d e r  t o  e n s u r e  a c c u r a t e  m e c h a n i c a l  s o i l  p r o p e r t i e s  a r e  
d e t e r m i n e d .
•  I m p o r t a n c e  o f  r e p r e s e n t a t i v e  s o i l  p r o p e r t i e s  -  F u r t h e r  t o  t h e  d e n s i t y  o f  t h e  s o i l  
b e i n g  i n v e s t i g a t e d ,  t h e  a p p l i c a b i l i t y  o f  t h e  t e s t  c o n d i t i o n s  u n d e r  w h i c h  t h e  s o i l  
p r o p e r t i e s  h a v e  b e e n  d e t e r m i n e d  i s  e s s e n t i a l .  G i v e n  t h e  s i g n i f i c a n t  v a r i a t i o n  i n  
f r i c t i o n  a n g l e  a t  h i g h  a n d  l o w  n o r m a l  p r e s s u r e s ,  p r e s u m i n g  t h a t  t h e  s o i l  p r o p e r t i e s  f o r  
a  s a n d  a r e  a c c u r a t e  u n d e r  a l l  c o n d i t i o n s  w i l l  l e a d  t o  s i g n i f i c a n t  p r o b l e m s .  
F u r t h e r m o r e ,  t h i s  r e l a t i o n s h i p  h a s  b e e n  c o n c l u s i v e l y  s h o w n  t o  b e  n o n - l i n e a r  a t  l o w
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n o r m a l  p r e s s u r e s ,  t h e r e f o r e  c h a l l e n g i n g  t h e  e x i s t i n g  M o h r - C o u l o m b  l i n e a r  
r e l a t i o n s h i p .  T h e  m e c h a n i c a l  p r o p e r t i e s  o f  a  m a t e r i a l  t e s t e d  u n d e r  h i g h  n o r m a l  s t r e s s  
c o n d i t i o n s  m a y  b e  a p p l i c a b l e  i f  a p p l i e d  t o  b u i l d i n g  c o n s t r u c t i o n ,  b u t  n o t  s o  m u c h  f o r  
m i c r o r o v e r  m o b i l i t y .  T h i s  i s  d u e  t o  t h e  e f f e c t s  o f  s h e a r  d i l a t a n c y  a n d  n o n - l i n e a r  
p l a s t i c i t y  o f  c o m p r e s s i b l e  s o i l s  u n d e r  v a r i o u s  l o a d i n g  c o n d i t i o n s .  T h e r e f o r e ,  t h e  
c h a r a c t e r i s a t i o n  p r o c e d u r e s  o f  a  s o i l  m u s t  b e  k n o w n  b e f o r e  a p p l y i n g  t h o s e  s o i l  
p r o p e r t i e s  t o  a  p e r f o r m a n c e  p r e d i c t i o n  m o d e l  t o  e n s u r e  a  h i g h e r  l e v e l  o f  a c c u r a c y .
•  S a m p l e  p r e p a r a t i o n  m e t h o d s  -  T h e  i m p o r t a n c e  o f  s a m p l e  p r e p a r a t i o n  i s  
h i g h l i g h t e d  i n  t h i s  t h e s i s ,  d e t a i l i n g  t h e  v a r i a t i o n  i n  r e s u l t s  d e p e n d i n g  o n  p r e p a r a t i o n  
t e c h n i q u e s  a n d  i n - s i t u  d e n s i t y .  T h e  m e t h o d  o f  r a i n i n g  w a s  i n i t i a l l y  c o n s i d e r e d  a  
s t r o n g  c a n d i d a t e  f o r  m i c r o r o v e r  t e s t i n g ,  w h i c h  i s  e s p e c i a l l y  t r u e  i f  t h e  l a y e r i n g  e f f e c t  
i s  d e s i r e d .  H o w e v e r ,  i f  a  p u r e l y  h o m o g e n e o u s  s a m p l e  i s  d e s i r e d ,  t h e  r a i n e d  l a y e r s  
w o u l d  n e e d  t o  b e  m u c h  t h i n n e r  ( t h e r e b y  s i g n i f i c a n t l y  i n c r e a s i n g  s a m p l e  p r e p a r a t i o n  
t i m e )  o r  a n o t h e r  m e t h o d  w o u l d  n e e d  t o  b e  s e l e c t e d .
•  N o n - l i n e a r i t y  o f  t h e  s h e a r  d e f o r m a t i o n  m o d u l u s  u n d e r  l o w  s t r e s s  c o n d i t i o n s  -
T h e  t e s t  r e s u l t s  d e c i s i v e l y  s h o w  t h a t  t h e  s h e a r  d e f o r m a t i o n  m o d u l u s  f o r  b o t h  
s i m u l a n t s  i s  n o n - l i n e a r  a t  l o w  n o r m a l  p r e s s u r e s .  T h i s  i s  d e t e r m i n e d  b y  i n v e s t i g a t i o n  
o f  t h e  s h e a r i n g  s t r e n g t h  o f  t h e  s o i l  a n d  a p p l i e d  t o  v e h i c l e  m o b i l i t y  m o d e l s .  P r e v i o u s  
a u t h o r s  c o n s i d e r  t h i s  t o  b e  c o n s t a n t  0 1* s l i g h t l y  v a r i a b l e  f o r  l a r g e  v e h i c l e s ,  w h i c h  i s  
n o t  u n e x p e c t e d  a t  t h e s e  h i g h  n o r m a l  p r e s s u r e s .  H o w e v e r ,  a p p l i c a t i o n  t o  m i c r o r o v e r  
m o b i l i t y  a t  l o w  n o r m a l  p r e s s u r e s  s h o w s  t h a t  t h i s  i s  n e i t h e r  c o n s t a n t  n o r  l i n e a r  a n d  
m u s t  b e  a c c o u n t e d  f o r  a s  s u c h .
•  N o n - l i n e a r i t y  o f  t h e  s l i p  s i n k a g e  o f  a  l e g g e d  v e h i c l e  i n  s o i l  -  F u r t h e r  t o  t h e  
p r o p o s a l  o f  b o t h  l i n e a r  a n d  n o n - l i n e a r  r e l a t i o n s h i p s  f o r  t h e  s l i p - s i n k a g e  e q u a t i o n  f o r  
w h e e l e d  a n d  t r a c k e d  v e h i c l e s ,  a n  i n v e s t i g a t i o n  i n t o  s l i p  s i n k a g e  f o r  l e g g e d  v e h i c l e  
c o n c l u s i v e l y  s h o w s  t h a t  t h i s  i s  a  n o n - l i n e a r  r e l a t i o n s h i p .  T h e  s l i p - s i n k a g e  f o r  a  l e g  
s e g m e n t  w a s  f o u n d  t o  i n c r e a s e  r a p i d l y  a t  f i r s t ,  t h e n  f l a t t e n  o u t  o v e r  t h e  c o u r s e  o f  t h e  
t r a j e c t o r y  t o  a  m a x i m u m  s l i p - s i n k a g e  d e p t h .
•  D e v e l o p m e n t  o f  a  s i m u l a t o r  f o r  s i n g l e  l e g  a n d  f u l l  l e g g e d  v e h i c l e  m o b i l i t y  -
F u r t h e r  t o  t h e  d e v e l o p m e n t  o f  t h e  p e r f o r m a n c e  p r e d i c t i o n  m o d e l s  d e v e l o p e d  f o r  
l e g g e d  v e h i c l e  m o b i l i t y ,  t h e  L e g g e d  P e r f o r m a n c e  a n d  T r a c t i o n  P r e d i c t i o n  T o o l  
( L P T P T )  w a s  d e v e l o p e d .  T h i s  s i m u l a t i o n  s o f t w a r e  i n c o r p o r a t e s  e x i s t i n g  t i l l a g e  
m e t h o d o l o g i e s ,  a s  w e l l  a s  v a l i d a t e d  l e g g e d  v e h i c l e  p e r f o r m a n c e  m e t r i c s  t o  e s t i m a t e  
t h e  p e r f o r m a n c e  o f  a  v e h i c l e  i n  a  v a r i e t y  o f  s o i l s .
•  U t i l i s a t i o n  o f  i n - s i t u  d e n s i t y  t e c h n i q u e s  -  T h i s  r e s e a r c h  r e f i n e s  a  t e c h n i q u e  
d e v e l o p e d  a t  t h e  U n i v e r s i t y  o f  S u r r e y  f o r  t h e  i n - s i t u  d e n s i t y  d e t e r m i n a t i o n  o f  l a r g e
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s o i l  s a m p l e s .  T h i s  r e s i n  i m p r e g n a t i o n  t e c h n i q u e  c r e a t e s  a  s o l i d i f i e d  s a m p l e  o f  t h e
p r e p a r e d  s a n d  s a m p l e  t o  i n v e s t i g a t e  l a y e r i n g  o f  t h e  s o i l  a s  w e l l  a s  a v e r a g e  s a m p l e
d e n s i t y .
8.3. Future Related Re s e a r c h
A l t h o u g h  t h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s  h a s  c o n t r i b u t e d  t o  t h e  s t a t e  o f  t h e  a r t  i n  m i c r o r o v e r  
m o b i l i t y  p r e d i c t i o n ,  t h e r e  a r e  w a y s  i n  w h i c h  t h i s  r e s e a r c h  c a n  b e  c o n t i n u e d  i n  i t s  c u r r e n t  p a t h .  I n  
a d d i t i o n ,  v a r i a t i o n s  i n  t h e  f u t u r e  d i r e c t i o n  o f  t h i s  r e s e a r c h  s h o u l d  a l s o  b e  c o n s i d e r e d .  I t  i s  a l r e a d y  
a c c e p t e d  t h a t  t h e r e  a r e  s o m e  r e s e a r c h e r s  w i t h i n  t h e  S u r r e y  S p a c e  C e n t r e  w h o  a r e  w o r k i n g  i n  t h e  
a r e a  o f  m i c r o r o v e r  m o b i l i t y  a n d  t h e  e f f e c t i v e n e s s  o f  t o o l - s o i l  r e l a t i o n s h i p s  f o r  d r i l l i n g  a n d  o t h e r  
r e l a t e d  r e s e a r c h .  A s  a n  e x t e n s i o n  t o  t h e  r e s e a r c h  p r e s e n t e d  i n  t h i s  t h e s i s ,  b o t h  d i r e c t l y  a n d  i n  
f o l l o w i n g  t a n g e n t i a l  p a t h s ,  t h e  f o l l o w i n g  r e c o m m e n d a t i o n s  a r e  p r o p o s e d  f o r  f u t u r e  r e s e a r c h  a r e a s  
i n  t h e  f i e l d  o f  m i c r o r o v e r  m o b i l i t y  a n d  p l a n e t a r y  r o b o t i c s :
•  B i o l o g i c a l l y  i n s p i r e d  c o n t r o l  -  A n  i n i t i a l  f o c u s  o f  t h e  r e s e a r c h  i n  t h i s  t h e s i s  w a s  t h e  
c o n s i d e r a t i o n  o f  v i s c o - e l a s t i c  c o n t r o l  t o  t h e  l e g  j o i n t s  o f  a  w a l k i n g  r o v e r  f o r  p l a n e t a r y  
e x p l o r a t i o n .  H o w e v e r ,  s i n c e  t h e  s o i l - l e g  r e l a t i o n s h i p  w a s  n o t  w e l l  e n o u g h  u n d e r s t o o d  
i n i t i a l l y ,  t h e  b e n e f i t s  o f  v i s c o - e l a s t i c  c o n t r o l  w o u l d  n o t  c a p t u r e d  u n t i l  t h e  
u n d e r s t a n d i n g  o f  t h e  m e c h a n i c s  o f  s o i l  u n d e r  t h e  l e g s  o f  a  s t e p p i n g  v e h i c l e  w e r e  f i r s t  
u n d e r s t o o d .  N o w  t h a t  a  m o d e l  e x i s t s  t o  e s t i m a t e  l e g g e d  v e h i c l e  p e i f o r m a n c e ,  t h e  
c o n s i d e r a t i o n  o f  v i s c o - e l a s t i c  j o i n t  c o n t r o l  c a n  n o w  b e  c o n s i d e r e d .  A  l e v e l  o f  
b e h a v i o u r a l  c o n t r o l  c o u l d  a l s o  b e  i n c o r p o r a t e d  a t  t h e  v e h i c l e  l e v e l  t o  c o n s i d e r  g a i t  
c h a n g e s  d u e  t o  a n t i c i p a t e d  a n d  r e a l - t i m e  s o i l  d e f o r m a t i o n  c h a r a c t e r i s t i c s .
•  L e g  s h a p e ,  f o o t p r i n t  s h a p e  a n d  s t e p p i n g  p a t t e r n  v a r i a t i o n  -  T h i s  r e s e a r c h  
c o n s i d e r e d  a n d  c o n c l u s i v e l y  v a l i d a t e d  a  m o d e l  f o r  a  v e r t i c a l l y  s t e p p i n g  r e c t a n g u l a r  
l e g  w i t h  a  f l a t  f o o t p r i n t  s t e p p i n g  i n  s o i l .  F u r t h e r  r e s e a r c h  i n t o  o t h e r  s h a p e s  a n d  s i z e s  
f o r  t h e  l e g  s e g m e n t  w o u l d  a d d  s t r e n g t h  t o  t h e  m o d e l s  c o n c l u d e d  h e r e .  A d d i t i o n a l l y ,  
t h e  c o n s i d e r a t i o n  o f  t h e  v a r i a t i o n  i n  t h e  r e s u l t s  d u e  t o  a  r o u n d e d ,  p o i n t e d  o r  f l a t  
f o o t p r i n t  w o u l d  b e  a  w o r t h w h i l e  a r e a  o f  r e s e a r c h .  V a l i d a t i o n  o f  t h e  c o n c l u d e d  
m o d e l s  i n  t h i s  r e s e a r c h  t o  t h e  s t e p p i n g  a n g l e  o f  a  l e g  s h a f t  e n t e r i n g  s o i l  w o u l d  a l s o  
p r o v e  t o  b e  a  g o o d  a r e a  o f  r e s e a r c h .
•  R e l a t i v e  d e n s i t y  m o d e l  f o r  s o i l  t r a f f i c a b i l i t y  -  T h i s  t h e s i s  p r e s e n t s  a n  a p p r o a c h  t o  
d e t e r m i n e  t h e  r e l a t i v e  d e n s i t y  o f  a  p r e p a r e d  s a m p l e  a n d  i t s  e f f e c t  o n  s o i l  
t r a f f i c a b i l i t y .  F r o m  t h e  v a r i a t i o n  i n  r e l a t i v e  d e n s i t y ,  a  v a r i a t i o n  i n  t h e  s h e a r i n g  
s t r e n g t h  o f  s o i l  i s  f o u n d ,  s h o w i n g  t h e  i m p o r t a n c e  o f  t e r r a i n  c o n d i t i o n s  o n  t h e  
m e c h a n i c a l  p r o p e r t i e s  o f  t h e  s o i l .  A  n o n - l i n e a r  m a t h e m a t i c a l  m o d e l  w i l l  n e e d  t o  b e  
d e v e l o p e d  t o  d i r e c t l y  r e l a t e  r e l a t i v e  d e n s i t y  t o  t h e  e s t i m a t i o n  o f  a  s o i l ’ s  f r i c t i o n  a n g l e
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f o r  s o i l  t r a f f i c a b i l i t y  m e t r i c s .  C o n s i d e r a t i o n  m u s t  b e  t a k e n  o f  t h e  s h e a r  d i l a t a n c y  a n d  
n o n - l i n e a r  p l a s t i c i t y  o f  c o m p r e s s i b l e  s o i l s  i n  t h e  d e v e l o p m e n t  o f  s u c h  a  n o n - l i n e a r  
m o d e l .
•  S h e a r  d e f o r m a t i o n  m o d u l u s  -  T h e  r e s u l t s  p r e s e n t e d  i n  C h a p t e r  4  d e c i s i v e l y  s h o w  a  
n o n - l i n e a r  s h e a r  d e f o r m a t i o n  m o d u l u s  a s  t h e  n o r m a l  s t r e s s  o n  a  c o m p r e s s i b l e  s o i l  
f r o m  t h e  v e h i c l e  b e c o m e s  s m a l l e r .  H o w e v e r ,  i n  o r d e r  t o  d e v e l o p  a  n o n - l i n e a r  
m a t h e m a t i c a l  m o d e l  o f  t h i s  p h e n o m e n o n ,  m o r e  d i r e c t  s h e a r  t e s t i n g  w o u l d  b e  r e q u i r e d  
u n d e r  h i g h  a n d  l o w  n o r m a l  p r e s s u r e s  a n d  u t i l i s i n g  a  l a r g e r  v a r i e t y  o f  s o i l s .
•  S a m p l e  p r e p a r a t i o n  f o r  u s e  i n  p l a n e t a r y  r o v e r  t e s t  b e d s  -  S e v e r a l  s a m p l e  
p r e p a r a t i o n  t e c h n i q u e s  w e r e  u t i l i s e d  i n  t h i s  r e s e a r c h  t o  v a r y  t h e  s o i l  s a m p l e s  u s e d  f o r  
t h e  e x p e r i m e n t a l  w o r k .  A  c l o s e r  l o o k  i n t o  e f f e c t i v e  r a i n i n g  t e c h n i q u e s ,  a s  w e l l  a s  
o t h e r  p r e p a r a t i o n  m e t h o d s  t o  e n s u r e  r e p e a t a b i l i t y  a n d  r o b u s t n e s s  o f  s a m p l e  
p r e p a r a t i o n  s h o u l d  b e  c o n s i d e r e d .
•  M a t e r i a l  g r a i n  s i z e  a f f e c t i n g  s o i l  t r a f f i c a b i l i t y  -  F u r t h e r  r e s e a r c h  o n  t h e  g r a i n  s i z e  
o f  p a r t i c u l a t e  m a t e r i a l  c o u l d  a l s o  b e  c o n d u c t e d .  A  c o m p a r i s o n  o f  v a r i o u s  g r a i n  s i z e  
d i s t r i b u t i o n s  a n d  t h e i r  e f f e c t  o n  s o i l  t r a f f i c a b i l i t y  ( s t a r t i n g  w i t h  t h e  e f f e c t  o n  f r i c t i o n  
a n g l e  a n d  c o h e s i o n )  c o u l d  i m p r o v e  t h e  m o b i l i t y  m o d e l s  f o r  m i c r o r o v e r  p e r f o r m a n c e  
p r e d i c t i o n .
•  E n h a n c e m e n t s  t o  t h e  L P T P T  -  T h e  L e g g e d  P e r f o r m a n c e  a n d  T r a c t i o n  P r e d i c t i o n  
T o o l  a n d  i t s  i n t e r f a c i n g  w i t h  t h e  O p e n  D y n a m i c s  E n g i n e  p h y s i c s  e n v i r o n m e n t  c o u l d  
b e  d e v e l o p e d  a s  a  r o b u s t  o p e n  s o u r c e  l i b r a r y  f o r  l e g g e d  v e h i c l e  p e r f o r m a n c e  
p r e d i c t i o n .  A d d i t i o n a l l y ,  t h e  c o n s i d e r a t i o n  o f  m o r e  r o b u s t  l e g  a n d  v e h i c l e  c o n t r o l l e r s  
w o u l d  e n h a n c e  t h e  s o f t w a r e  c a p a b i l i t y  a s  a  r o b o t i c s  t o o l  t h r o u g h  a n a l y s i s  i n  m o r e  
c o m p l i c a t e d  g a i t  p a t t e r n s ,  o b s t a c l e  a v o i d a n c e  a n d  b e h a v i o u r a l  s t u d i e s .
Appendix A
Appendix A -  Database of Soils
Soil
D atab ase
n um ber <i> C 0 K K
n p
[deg] [P a] [P a/m 11] [P a /m 01'11] [ - ] [kg/m 3]
D e f a u l t  M a t e r i a l 1 V a r i e s V a r i e s V a r i e s V a r i e s V a r i e s V a r i e s
V L 2  c r u s t y  c l o d d y  
( P a t e l ,  2 0 0 5 )
2 3 4 .5 1 1 0 0 8 2 0 , 0 0 0 1 4 0 0 1 1 1 3 7
D L R M S S - A  
( R i c h t e r  e t  a l ,  2 0 0 2 )
3 2 4 .8 1 8 8 6 0 , 3 0 0 2 3 7 0 0 .6 3 1 1 3 7
D L R M S S - B  
( R i c h t e r  e t  a l ,  2 0 0 2 )
4 1 7 .8 4 4 1 7 6 3 , 6 0 0 1 8 ,7 7 3 1 .1 1 1 3 7
D r y  S a n d  
( P a t e l ,  2 0 0 5 )
5 2 8 1 0 4 0 1 ,5 2 8 ,0 0 0 9 9 0 1 .1 1 5 2 0
S a n d y  L o a m  
( P a t e l ,  2 0 0 5 )
6 2 9 1 0 4 0 1 , 5 1 5 , 0 0 0 5 2 7 0 0 .7 1 5 0 0
C l a y e y  S o i l  
( P a t e l ,  2 0 0 5 )
7 1 3 4 1 4 0 6 9 2 , 2 0 0 1 3 , 1 9 0 0 .5 1 5 0 0
S n o w  
( P a t e l ,  2 0 0 5 )
8 2 0 .7 6 0 0 0 6 6 , 0 8 0 1 0 , 5 5 0 1 .4 4 1 2 0 0
L u n a r  A v e r a g e  
( P a t e l ,  2 0 0 5 )
9 4 2 5 2 0 8 2 0 , 0 0 0 1 3 5 0 1 .0 1 5 0 0
J S C  L S S - 1  
( P a t e l ,  2 0 0 5 )
1 0 4 0 1 0 0 0 8 2 0 , 0 0 0 1 4 0 0 1 .0 1 6 0 0
D r y  S a n d  
( M e i r i o n - G r i f f i t h ,  2 0 0 8 )
11 2 9 1 0 4 0 8 2 0 , 0 0 0 1 4 0 0 1 .0 1 5 0 0
D r y  S a n d  
( M c K y e s ,  1 9 8 5 )
1 2 3 7 0 N / A N / A N / A 1 5 0 0
D r y  S a n d  
( R a s h i d i  e t  a l ,  2 0 0 6 )
1 3 3 0 0 N / A N / A N / A 1 5 0 0
M i x e d  S a n d y  C l a y  
( R a s h i d i  e t  a l ,  2 0 0 6 )
1 4 3 0 1 3 , 0 0 0 1 2 , 0 4 6 , 4 0 0 - 1 6 , 9 9 0 0 . 7 0 8 2 1 6 5 0
V L 1  D r i f t  
( P a t e l ,  2 0 0 5 )
1 5 1 8 1 6 0 0 8 2 0 , 0 0 0 1 4 0 0 1 .0 1 1 5 0
M E R  G u s e v  C r a t e r  
( L a n d i n g  S i t e )  
( A r v i d s o n  e t  a l ,  2 0 0 4 )
1 6 2 0 1 0 0 0 8 2 0 , 0 0 0 1 4 0 0 1 1 1 3 7
M E R  G u s e v  C r a t e r  
( M e s a )  
( P e r k o  e t  a l ,  2 0 0 6 )
1 7 3 8 0 8 2 0 , 0 0 0 1 4 0 0 1 1 1 3 7
S S C - 1  
( H P / H D ) 2
2 0 3 4 . 9 6 9 0 6 8 2 0 , 0 0 0 1 4 0 0 1 .0 1 7 0 0
S S C - 1
( L P / H D ) 2
2 1 4 3 . 9 7 6 1 6 8 2 0 , 0 0 0 1 4 0 0 1 .0 1 7 0 0
S S C - 1
( L P / L D ) 2
2 2 3 9 . 4 4 6 4 4 8 2 0 , 0 0 0 1 4 0 0 1 .0 1 1 5 0
S S C - 2  
( H P / H D ) 2
3 0 4 0 . 9 4 1 1 9 3 .8 8 8 2 0 , 0 0 0 1 4 0 0 1 .0 2 4 0 0
S S C - 2
( L P / H D ) 2
3 1 4 1 . 9 3 2 2 4 6 . 7 3 8 2 0 ,0 0 0 1 4 0 0 1 .0 2 4 0 0
S S C - 2
( L P / L D ) 2
3 2 4 3 . 3 4 1 0 2 1 8 2 0 , 0 0 0 1 4 0 0 1 .0 2 2 2 7
These values were not published and have been estimated fro m  other publications 
2 H P  =  high pressure, LP =  low pressure, H D  =  high density, LD  =  low density
I
Appendix B
Appendix B -  M ars Environment
E n viron m en tal P a ra m e te r V alue (E llery , 2 0 0 5 )
T em p eratu re - 1 3 3 ° C  t o  + 2 3 ° C  ( - 5 3 ° C  a v e r a g e )
G rav ity 0 . 3 8  o f  E a r t h  g r a v i t y
S u rface  P ressu re 5  n i B a r  a v e r a g e .
A tm osp heric Com position
C 0 2 -  9 5 %  
N 2 -  2 . 7 %  
A r g o n  - 1 . 6 %
W in d  Speed
7 0  m s '1 u p p e r  a t m o s p h e r e  
2 0  m s " 1 n e a r  s u r f a c e  
0 . 8 - 1 . 6  m s '1 a t  s u r f a c e
R ad iation 9 . 6 4  r a d - s i ,  n o  s h i e l d i n g  
( 1 9 7 7  s o l a r  m i n  a n n u a l  +  S e p t  2 9  1 9 8 9  s o l a r  e v e n t )
Seasons
1 .6 3 - 1 . 6 4  A U  
2 5 . 1 9 °  o b l i q u i t y
D ust
C h a r g i n g  a n d  c o n d u c t i v i t y  o f  d u s t  
R e d u c t i o n  o f  t r a n s m i s s i o n  
D e p o s i t i o n
S olar E n e rg y  T ransm ission
5 8 9  W / m 2 a t  M a r s  o r b i t  
~ 1 1 5  W / m 2 a t  s u r f a c e  ( 4 5 °  l a t i t u d e  i n  l i g h t  d u s t  s t o r m )
ii
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Appendix C - Specification Sheets
C.l. Force Sensing Resistor (FSR-406)
R e s i s t o r s
General F S R  Characteristics
T h e s e  a r e  t y p i c a l  p a r a m e t e r s .  T h e  F S R .  i s  a  c u s t o m  d e v i c e  a n d  c a n  b e  m a d e  f o r  u s e  o u t s id e  t h e s e  
c h a r a c t e r i s t i c s .  C o n s u l t  S a l e s  E n g in e e r i n g  w i t h  y o u r  s p e c i f i c  r e q u i r e m e n t s .
S i m p l e  F S R  D e v i c e s  a n d  A r r a y s
PARAMETER VALUE NOTES
S i z e  R a n g e
M a x  =  2 0 ”  x  2 4 ”  ( 5 1 x 6 1  c m )  
M i n  *  0 .2 ”  x  0 . 2 "  ( 0 . 5  x  0 .5  c m )
A n y  s h a p e
D e v i c e  t h i c k n e s s 0 . 0 0 8 "  t o  0 . 0 5 0 ”  ( 0 . 2 0  t o  1 .2 5  m m ) D e p e n d e n t  o n  m a t e r ia l s
F o r c e  S e n s i t i v i t y  R a n g e <  1 0 0  g  t o  >  1 0  le g D e p e n d e n t  o n  m e c h a n ic s
P r e s s u r e  S e n s i t i v i t y  R a n g e
< 1 . 5 p s i t o >  1 5 0  p s i
( <  0 .1  k g / c m 2 t o  >  1 0  k g / c m 2)
D e p e n d e n t  o n  m e c h a n ic s
P a r t - t o - P a r t  F o r c e  R e p e a t a b i l i t y
+  1 5 %  t o  ±  2 5 %  o f  e s t a b l i s h e d  
n o m in a l  r e s i s t a n c e
W i t h  a  r e p e a t a b le  
a c t u a t io n  s y s t e m
S i n g l e  P a r t  F o r c e  R e p e a t a b i l i t y
±  2 %  t o  ±  5 %  o f  e s t a b l i s h e d  n o m in a l  W i t h  a  r e p e a t a b l e  
r e s i s t a n c e  a c t u a t io n  s y s t e m
F o r c e  R e s o l u t i o n B e t t e r  th a n  0 . 5 %  M l  s c a le
B r e a k  F o r c e  ( T u r n - o n  F o r c e ) 2 0  g  t o  1 0 0  g  ( 0 . 7  o z  t o  3 .5  o z )
D e p e n d e n t  o n  m e c h a n ic s  
a n d  F S R .  b u i l d
S t a n d - O f f  R e s i s t a n c e >  1 M Q U n lo a d e d ,  u n b e n t
S w i t c h  C h a r a c t e r i s t i c E s s e n t i a l l y  z e r o  t r a v e l
D e v i c e  R i s e  T i m e 1 -2  m s e c  (m e c h a n i c a l )
L i f e t i m e >  1 0  m i l l i o n  a c tu a t io n s
T e m p e r a t u r e  R a n g e - 3 0 ° C  t o  t 7 0 ° C D e p e n d e n t  o n  m a t e r ia l s
M a x i m u m  C u r r e n t I  m A / c m 2 o f  a p p l i e d  f o r c e
S e n s i t i v i t y  t o  N o i s e / V i b r a t i o n N o t  s i g n i f i c a n t l y  a f f e c t e d
E M I / E S D P a s s i v e  d e v i c e
L e a d  A t t a c h m e n t S t a n d a r d  f l e x  c i r c u i t  t e c h n iq u e s
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C.2. Qualisys C a m e r a s  (300 Series)
o  o  o  o
Q u a l is y s
p _ _  - s j — I ^  Hoc ten Capture Systems
Camera o u tpu t modes M arker coordinates, high speed video, streaming video
Built-in camera display 128 x 64 graphical high contrast O LED
Camera body Custom, die-cast aluminium
Camera size O qus 100 185 x n o  x |24 m m  (7.3 x 4.3 x 4.9 inches)
Camera size Oqus 300/500 200 x 145 x 155 mm (7.9 x 5.7 x £.| inches)
W eigh t including optics 1.9 kg Oqus 100 - 2.1 kg O qus 300/500 (4.2 - 4.6 lbs)
Cooling Convection cooling
Camera p ro tection  level* W a te r resistant IP67 housing available
O perating tem perature 0-35 °C
Firmware Upgradeable from  host com puter
Position data noise level + /- 1 camera units
Adjustable threshold Yes
Frame buffer speed 12.9 G bit/second
Maximum  fram e buffer size 1152 M byte
Cabeling H ybrid  cable w ith  Ethernet and pow er
W ire d  communication Hubless daisy-chained Ethernet 802.3@l 00Mbps
W ire less com m unication* W L A N  802.11 b/g@54Mbps
Power supply Daisy-chained pow er from  mains adaptor
Power 36-72 V D C , 10-16 V D C  (battery) at 30 W  maximum
Battery* Available Q 4-2008
Lens types* Standard 40 degrees HFO V (many o th e r options available)
Strobe types supported* Infrared, red and cyan
w  f #  l *
1 -S E R IE S 3-S E R IE S S -S E R IE S
CM OS sensor size (pixels) 640x480 1280x1024 2352x1728
Maximum fram e rate
at full resolution and fie ld-o f-v iew 250 fps 500 fps 180 fps
Maximum fram e rate at full resolution 
and reduced fie ld-o f-v iew lOOOfps 10000 fps 10000 fps
x-coordinate full scale range (camera units) 41000 82000 150000
y-coordinate full scale range (camera units) 31000 65000 110000
Maximum  video fram e rate (full resolution) 250 fps 500 fps 180 fps
Maximum  video buffer capacity (full res.) 3800 frames 900 frames 290 frames
Maximum video buffer capacity 
(full resolution and fram e rate) 15.2 s 1.8 s 1.6 s
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C.3. National Instruments D a t a  Acquisition (USB-6008) 
Reference and Power Sources
TIk  NX USB-600S/60Q9 creates an external reference and supplies a power 
source. All voltages are relative to COM unless otherwise noted.
±2.5 External References
TIh NIUSB-6®&>’60Q9 creates a high-purily reference voltage supply for 
the ADC using a multi-state regulator, amplifier, and filter circuit. You can 
use the resulting +2.5 V reference voltage as a signal for self test.
±5 V Power Source
TIk  NI USB-600&'6009 supplies a 5 V, 200 mA output. You can use this 
source to power external components.
Note While the device is in USB suspend, the output is disabled.
Specifications_________________________________
TIk  following specifications are typical at 25 *C, unless otherwise noted.
Analog Input
Converter type  .................................. Successive approximation
Analog inputs................................... ........S single-ended,4 differential,
software selectable
Input resolution
NI USB-6008...,,...............................12 bits differential,
11 bits single-ended
NI USB-6GQ9...................................14 bits differential,
13 bits single-ended
Max sampling rate (aggregate)1
NI USB-600S................................... JOk&fs
NI USB-6009...................... ............ .48 kS.’s
AIFIFO................................................... 512 bytes
Timing resolution  ..................... 41.6? ns (24 MHz. limebaso)
Timing accuracy  ...................... ....... 100 ppm of actual sample rate
Input range
Single-ended....................................±10 V
Differential..................... ............... .. ±20 V‘. ±10 V. ±5 V, ±4 V.
±2.5 V, ±2  V, ±  1.25 V, ±1 V
Working voltage............ ............... .........±10 V
Input impedance ....................................144 kll
Overvoltage protection....  ..... . ±35
Tirlgger source.........................................Software or external digital
trigger
System noise2 
Single-ended
±10 V range.................... ........ 5 mVtms
Differential
±20 V range  ...................... 5 mVrms
±1 Vrange.  .................0.5 mVrms
V
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Absolute accuracy at full scale, single-ended
Range Typical at 25 pC{mV) Maximum over Temperature (mV)
±10 14.7 138
Absolute accuracy at full scale, differential3
Range Typical at 25 *C (mV) Maximum over Temperature CmV)
±20 14.7 138
±10 7.73 S4.S
±5 4.28 5S.4
±4 3.59 53.1
±2.5 2.56 45.1
Appendix C
C.4. G M A  G a r n e t  Fine P r o d u c t  Specification Sheet
G M A  Garnet
Quality Processed Garnet
Fine P r oduct Data S h eet
Average Chemical Composition (Typical!
Si02 *.........................................................34%
AI203......................................................  19%
FeO...........................................................32%
Fe203......................................................  3%
T i02 .........................................................  1%
MnO.........................................................  1%
CaO.........................................................  2%
MgO..........................................................  6%
* Refers to Si02 bound within the lattice of the 
homogeneous garnet crystal (not free silica)
Physical Characteristics (Typical)
Bulk Density................................  2-2.2T/m9
Specific Gravity.........................................  4,1
Hardness (moh)..............................  7.50-8.0
Melting Point....................................... 1250°C
Shape of grains.......................  angular - sharp
Other Characteristics (Typical)
Radioactivity ..Not detectable above background
Moisture Absorption Non-hydroscopic, Inert
Total Chlorides.................................. <0.005%
Mineral Composition (Typical)
Garnet (Almandite)...................................  97-98%
llmenite....................................................  <2%
Quartz (free silica).....................................  <0.5%
Others.....................................................  <2%
Product Ranoe (Typical Sizing)
u s SIEVE GMA 2 0 0 GMA 3 5 0
mesh microns
typ ica l cu m u la tive  w t%  
re ta in ed
8 0 1 8 0
1 0 0 1 5 0 0 .2
1 2 0 1 2 5 8
1 4 0 1 0 6 3 0
1 7 0 9 0 6 0 1
2 0 0 7 5 8 5 5
2 3 0 6 3 9 7 2 5
2 7 0 5 3 99 5 0
3 2 5 4 5 1 0 0 7 5
Standard Packing
* 80 x 25kg paper bags shrinkwrapped on 2 MT pallets
* 80 x 25kg paper bags packed in 2 MT bulk bags
* 2,000kg top and bottom spouted bulk bags 
with internal PVC liner, or
* Other packing on request.
The information set forth herein is based on technical data believed to be indicative; it is intended for use by 
persons having technical skills and at their own discretion and risk. Since conditions of use are outside our 
control, the GMA Garnet Group makes no warranties, express or implied concerning the use or disposal of 
this and assumes no liability in connection with use of this information.
GMA GARNET (EUROPE) GmbH, Hamburg - Germany
email: info@gma-gamet.de; Tel: +49 40 301409
www.GARNETsales.com
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Appendix D -  Particulate Images
D.l. S S C - 1  Particles
F igu re  129  -  Field of S SC -1 p articles a fte r sieving th rough 63  m icron  screen  (x4  m agnification).
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U
Area : 90459.9Squm 
[Perimeter : 1204.8 urn
F igu re  130  -  Close-up im age with dim ensions of a  3 2 1 .0  m icron  SSC -1 p article  (x4  m agnification).
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D.2. S S C - 2  Particles
F ig u re  131 -  Field  of S S C -2  p articles (x4  m agnification).
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F ig u re  132  -  Field  of S S C -2  p articles (xlO  m agnification).
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H M L2
Length : 307.9 um
l< H L I
Length : 220.7 um
F igu re  133 - Close-up of a  la rg e r g arn et p article , not included in S S C -2  (x 4  m agnification).
Area : 43719.3Squm
Perim eter : 909,8 um___________
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